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EARTH SCIENCE LB,

Three-dimensional isograds from the Lukmanier Pass,
| Switzerland, and their (cetonic significance

[ ) S FOX

Swavmeery. Four minerglogical zones, corpes

sponding to the following ‘maximum” meta-
pelitic nssernblages

zone 1 chloritold-chlorite-kyanite

one 2: stauralite-chloritoid-chlorite-kyanite .
\ 20ne 3; biuli(c~slnumlitc~~chlori(oid-chIorilc-kyanite
; zone 4 biutilc--stzmmli(c—gumct-chlorite—kyanitc

~ have been mapped in the Ultrahelvetic rocks of the Lukmanier area in Switzerland.
. Petrographic study suggests that, despite the ubiquity of ‘disequilibrium’, the zone
boundaries accord with the slmple nnivariant equilibria

chloritoid - kyanite == staurolite+chlorite+ quartz+ H,0
chloritoid +- chlorite + muscovite = staurolite + biotite +quartz+ H,0
chloritoid + muscovite+ quartz = staurolite + garnet + biotite + H,O

! Using structural contours, minimum isogradic dips of 35° north have been obtained.
The Lukmanier parageneses require the Lepontine phase of Alpine metamorphism to
, tave had a geothermal gradient distinct from both Alpine blueschists and the Bergell
i contact metamorphites, The high minimum value for isograd and isotherm orientation
here points to a convective heat source for the Lepontine event.

and

L. Introduction

Intensive study in almost every discipline of geology over the past decade has
wsulled in relatively detailed information on the complex plate interactive zone
{ that is the Alpine orogen. Today the various Tethyan lithosperic plates operative,
their kinematics and their relationships to global interactions elsewhere can be
dfined with some confidence (e.g. Laubscher, 1969, 1970, 1971; Smith, 1971;Dal
Piaz, Hunziker & Martinotti, 1972; Dewey, Pitman, Ryan & Bonnin, 1973), The
ack of precise data, and particularly data that can be related to orogenic paleo-
sotherms has, however, prevented a more positive contribution to the Alpine
flory by metamorphic petrologists. Fundamental metamorphic problems remain
ssentially unresolved despite the excellent regional compilations available (E,
Nigli, 1970; E. Wenk, 1970; Ernst, 1973; Zwart, 1974) and despite much debate,
The dichotomous schools of thought on the genetic relationships between the
‘e or more thermal events of Alpine orogensis are nowhere more sharply

wided than over the source of heat for the kyanite-sillimanite facies series, early
iutiary, Lepontine episode, '

The obvious approach to the unanswered questions of Alpine metamorphism
Hhrough detailed, three-dimensional mineralogical mapping which, despite the
minent suitability of the terrain, is only now commencing (Streckeisen & Wen k,
;P Thompson, in the press). During the past four years I have studied
ndium-grade mineral zonation in the Lukmanier Pass area of South-Central
bitzerland as a contribution to the required metamorphic coverage, The
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a, located 75 km SE of Lucerne astride the cantons of Ticino and

‘Grisons, embraces the thickest post-Hereynian section through nicdium grades
of the Lépontine phase anywhere in the Swiss Alps and must therclore be

considered critical to its study. ;
Sampling in the Lukmanicr arca duting the summers of 1971-2 was restricted g 2 g -

to pelitic rocks, Only the freshest possible metapelites and those showing the gg _'E_f s £

largest number of mineral phases were collected. Over 700 meta-pelitic samples ' §' g : X

examined represent & sampling interval of about one for every 20 m of sampling g.f a4, = §

horizon, Detailed petrographic study was made of 500 specimens and microprobe “, § g e — -e@—-—-m—- 2

analysis was undertaken on 9, §ES re— 5

C ] Q

e -

e — g

2. Geology : = ° ks

Although mineral zones and isograds have not been investigated until now, the - g

Lukmanicr area has attracted the interest of petrologists for over a century, Y =i =

Notable contributions were those of Holst Pellekaan (1913, unpubl. thesis, i 'G;U ¢ 9 - E

Zurich Univ.), Krige (1918) and Bosshard (1929). The classical geochemical : o \éi; ’zﬂ%ﬁ: =% ] 2

reconnaissance of the Gotthard Massif cover of P, Niggli (1929) which included N, 0 E%- 3, § &
this area, has now been complemented by the modern geochemical and strati- {8 Nre: o i 2
graphic treatment of M. Frey (1969). J. D. Frey (1967), Chadwick (1968) and f N — _: § 5
Sibbald (1971, unpubl. thesis, London Univ.) have elucidated the relationship ¥ R & gé
between structure and metamorphism, N ﬁ ]
"The attraction of the Lukmanier arca lics not only in its spectacular mineralogy ’ 53
@

P

h

but in its relative geological simplicity, The Mesozoic, Ultrahelvetic marls, semi-

pelites and pelites which underlie the pass seem to have been subject only to the =45
Cenozoic Alpine orogeny. Although folded and thrust into cast-plunging, north- =i
dipping antiforms and synforms during four phases of Alpine deformation, the - @ "é)
peak of metamorphic mineral growth was essentially post-kinematic; tectonism 4 p4 : 8

has thus only weakly disturbed the disposition of the metamorphic mineralogy. g =z 59 g o A

In contrast, both the para-autochthonous crystallines of the Gotthard massif, z z 3 - 2 ;' D £ .
which bound the area of study to the N, and the schists and gneisses of the Pen- 3 2z £S5 E " , £
nide zone, which bound it to the S and E, include rocks deformed before the ;gg‘%; = : 55; »‘ 88
Alpine orogeny. Both preserve pre-Alpine paragenetic remnants (Steiger, 1962 iﬁ 590 é ;3;:;:? - g )
Arnold 19705; Hunziker, 1970) and in the casc of the former, both Hereynkn ?glf' x ® / gsg:' @ -
(Carboniferous-Permian) and Caledonian (Ordovician-Siturian) OFOpenic apes gg i ;t’" X '5 ' *zv ﬂ ®
have been obtained (Arnold, 19704). T g é o R '\o:o:o:o:..bﬁ o 5 7Z
The interesting meta-pelitic mineralogy which is the subject of this paper 5 1o 3 &Y B 3 52
found at the boundary between the Ultrahelvetic (lower Jurussic) and Quatten {mu ]‘:j s X "'s’i'i ® %Y
(upper Triassic) formations (Fig. 1). Although Ultrahclvetic pelitic pid sende L JU §\> \\\ 5 —3 s
pelitic compositions are found at other horizons in this arca (the upper Quaten T - §;~.. 3 3 g’
bears spectacular hornblende-staurolite and hornblende-chloritoid assutnblapes g .‘?’, - .-‘ :
which are the subject of a paper in preparation), only the 10-15m thick, graphitiv, 3 ;’6 g g 'g
29
by 32

black, calc-free greywackes and schists of the basal Stgir provide a widely dis-
tributed, virtually isochemical sampling horizon. Bulk chemical analyses {Fox, |
1974, table 4) show this horizon to be peraluminous, with alumina conlents often t
exceeding 30 9 by weight. :

i

The basal Stgir can be found locally over 1100 m of elevation and over 6 kmof
A ' , 35-2




7550 A ' . L.S.FOX
N-$ extension (equivalent to a minimum of 3.4 km of true “thernial section’, o
about 65-70 °C - sce Section 4). The presence-of a 2-5 m thick, rusty weathering, :
massive ortho-quartzite directly underlying the pelitic sampling horizon and the |
abrupt transition upwards from the greens and bufls of the Quarten into the greys

and blacks of the Stgir aid its field identification.

3. Mineralogical zonation
Detailed sampling of the basal Stgir has uncovered four metamorphic miwral
zones in the area, The selection of samples was restricted to carbonate-free rocky
in which powdery graphitic material was present in the matrix and which con-
tained any combination of the minerals chlarite, chloritoid, biotite, stavrolite,
garnet and kyanite. The zones were defined so as to embrace rocks In which the Y
maximum number of ‘coexisting’ phascs among these six Fe-Mg-Al silicates ;
represented a characteristic assemblage. The zone boundaries were drawn where
the first of each of the four ‘maximum’ assemblages first appeared, -

The defining samples in each zone were required to contain both quartz and
white mica — most also contained zoned clinozoisite/epidote, tourmaline, zircon
and apatite, Plagioclase was found to be a common phase in many of the higher
grade specimens. Where such obvious bulk inhomogeneities as bedding laminac,
coarse bedding or bedding-derived boudins were present in a thin section, the
defining minerals were required to ‘coexist” within a recognizable compositional

realm, ‘

Figure 2 shows the distribution of the ‘maximum’ assemblages, and the zonc
boundaries which they define, over the arca. The method or extending boundarics
from control points is discussed below. For comparison the approximate course

of Niggli’s (1970) staurolite ‘isograd’ is also illustrated.

3a. Zone 1
Chloritoid-chlorite-kyanite forms the most northern and lowest grade zone. The

‘maximum’ assemblages of this zone contain only three ‘coexisting’ phascs in
the system FeO-MgO-ALO, (-Si0y-K,0-H,0) -~ chloritoid, chlorite and kyanite.
Restricted exposure prevenied the collection of more than a few samples from

Tal-Ky
810

3§ SIb-chi-ky
STAL -

C ZONE
* ZOKE

this zone, Of the 22 that were obtained (21 from the top of the pass road and one

from northern Val di Campo), 7 bore the defining assemblage.
The northern limit of zone 1, not shown in Figure 2, may be assumed {o co

incide with E. Niggli’s (1970) Alpine kyanite ‘isograd’, which runs essentially
E-W through the peak of Scopi. The first appearance of staurolite marks th¢

southern, high grade boundary.

3b. Zone 2
Staurolite-chloritoid-chlorite-kyanite. The first tiny staurolites in the arca are

found just E of the highest point on the pass road and hence 13 km (topographs:

cally) North of E. Niggli's (1970) staurolite ‘isograd®, Their appearance marbs
the boundary of a second mineral zone in which ‘maximum’ assemblig
bearing chlorite, chloritoid, staurolite and kyanite are common, The boundary
not marked by the concomitant loss of one of the zone 1 phases,
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__As in the other mincral zones mapped, there is a significant paucity of non
defining assemblages here as well as a complete lack of any trend towards higher

variance assemblages southwards. In fact, out of 90 zone 2 samples scctioned, 46

were found 1o be defining ones. Non-defining sumples gencrally luck kyanite und,
at low grade, staurolite,

3.0 Zone 3
Biotite-staurolite-chloritoid-chlorite-kyanite is ushered in by the appearance in
maximum assemblages of biotite; the new phase appears without the concurrent
loss of any pre-existing one. The fitst plagioclase it the basal Stgir is also found
at the zone 3 lower boundary, again simply as an addition,

3d. Zonec 4

Biotite-staurolite-garnet-chlorite-kyanite is the highest grade and most extensive
zone in the area - samples bearing the defining 5-phase assemblage (chloritoid iy
present only as abundant inclusions in garnet) are common throughout the
southern half of the pass. The first ‘maximum’ assemblage was found at the
southernmost tip of Piz di Cadreigh (a sample bearing all six Fe-Mg-Al silicatcs
was collected several m N of the first five-phase sample), where the low grade
boundary of the zone was drawn.

From petrographic analysis of some probable basal Stgir samples from Val
Piora it is evident that the zone 4 defining assemblages occur over much of the
arca to the W of the pass. There is some evidence that it is still stable (albeit in
Pennide rather than Ultrahelvetic schists) in the Piz Molare area 5 km S of Valle
Santa Maria (Thakur, 1971, unpubl. thesis, London Univ.). The high gradc
boundary of this zone must therefore lie well to the S of the Lukmanier arca.

A zone boundary trace for the zone 2-zone 3 transition was obtained by drawing
structural contours on the given topography on a trial and error basis and as-
suming a planar surface with various northward dips upwards from zero, until a
boundary was generated that fitted the data. Trial and error was also neccssary
to produce the boundary strike direction shown, but here the E-W trend of E.
Niggli’s (1970) staurolite ‘isograd’ was available as a rough guide. The zone 2~
zone 3 boundary in Figure 2 assumes a dip of 35 °N, a WNW-ESE strike and
uses the one known boundary exposure in Val di Campo 45 a control point, ‘This
value of 35° must be considered a minimum, however, since greater dips also
satisfy the observations. It is in agreement with that quoted by Wunderlich
(1957) for *isograds’ in the region generally.

In so far as the zone boundary reactions deduced have steep, near-paraicl
slopes in P-T space (see Fig. 3) it was thought reasonable to draw the other, less
well controlled transitions on the basis of the 35° minimuni. The ttaces of these
boundaries are also shown in Figure 2.

Complete assemblages (minus apatite, zircon, tourmaline and graphilc) of teti
defining samples from the four Lukmanier mineral zones are listed in Table L.
Mean grain-edge microprobe analyses of the phascs in 3 of the samples are given
in Tables 2-4; details of the analytical procedure are given in Fox (1974).

§. Zone boundary reactions

Itis clear that much of the basal Stgir contains an over-abundance of apparently
coexistent phases, Even when all 11 major and minor J-components (MgO, FeO,
Fe;03 ALOy, Zn0, K,0, N, 0, Si0y, Ti0;, MnO and CaO) are considered, the
122 or 13-phase assemblages typical of zones 3 and 4 remain univariant or
ivariant = an unlikely situation in phase rule terms,

Table 1. Complete thin-section-scale mineralogy of some selected Stgir meta-pelites
showing ‘maximum’ assemblages, Numbers in parenthesés correspond to the Harkexj
fetrology collection of Cambridge University

Zone 1 ~
F-110 (111327) chlorite-chloritoid-kyanite-muscovite-paragonite-clinozoisite/
epidote-quartz-rutile-itmenite
Tone 2 .
F-117 (111334) chlorite-chloritoid-staurolite-kyanite-muscovite-paragonite-
clinozoisite/epidote-quarts-rutile-ilmenite
F-140 (111349) chlorite-chloritoid-staurolite-kyanite-muscovite-paragonite-quartz-
rutile-ilmenite ;
F-244 (111411) chlorite-chloritoid-staurolite-kyanite-muscovite-paragonites
clinozoisite/epidote-quartz-rutile-ilmenite
Tone 3 -
[-401 (111500) chlorite-biotite-chloritoid-staurolite-kyanite-muscovite-margarite-
clinozoisite/epidote-quartz-rutile-ilmenite
F-450 (111538) chlorite-biotite-chioritoid-staurolite-kyanite-muscovite-paragonite-
clinozoisite/epidote-plagioclase-quartz-rutile ilmenite
lonc 4
441 (111530) chlorite-biotite-staurolite-kyanite-garnet-muscovite-paragonite-
clinozoisite/epidote-plagioclase-ilmenite-quartz
F-288 (111437) chiorite-biotite-staurolite-kyanite-garnet-muscovite-paragonite-
clinozoisite/epidote-plagioclase-ilmenite-quartz
F-267 (111424) clorite-biotite-staurolite-kyanite-garnet-muscovite-margarite-
clinozoisite/epidote-plagioclase-iimenite-quartz
F-382 (111489) chlorite-biotite-staurolite-kyanite-garnet-muscovite-paragonite-
clinozoisite/cpidofe-plagioclase-ilmenite-rutile-quartz

Simple analogics (e.g. the binary solvus of the magnetite~-hematite oxygen
" ufler) sugpest that solid substitutional behaviour where a reacting fluid com-
fanent (such as H;0) is internally buffered should be regular with increasing
trade. Under certain conditions, no compositional changes at all would be ob-
fved (cf. Evans & Guidotti, 1966; Guidotti, 1970). Significant irregularities
wperimposed upon a regular, prograde, Fe/Mg trend in the minerals of the basal
Mele (Fox, 1974) thus suggests the presence during metamorphism of anomalies
i Py, presumably reflecting spasmodic influxes of unreactive CO, from ad-
moent Stgiv or Quarten marls. This is consistent only with the external control of
Pi,0, 50 that no solution to the observed phase rule violation can be sought from
his quiarter, Detailed microprobe work has shown that most of the phascs in
{ hese rocks are cliemically inhomogencous to a surprising degree both within
ndividual grains and from grain to grain in a single thin section. This mineral-
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: . i Is (Z 11‘2‘) ‘th.xx;dzlrﬁl Dcvim?ik'ms inparenthese  Table 3, Mead edgpe compositions of F-450 minerals (Zone 3). Standard deviations in
Table 2. Mean edge compositions of F-140 minerals (Zone 2). § parentheses

Staurolite  Chloritoid Chlorite Hmenite Muscovife i’mynin—tc* Staurolite  Chloritoid Biotite Chlorite
' H 4624 046 dssL M T 68 (020 odom
- N 16) 2540 (0.16) 00.25 (0.03) ( S0, 27.68 (020) 2420 (017)  36.08 (0.25) 2435 0.12)
Si0; 2849 (0.19) 24.30 (0 260 (0.15), —— oo Ti0, 0043 (0.02) 0o 0
NS, S50 7 05 1% 6 Wik 000 me wm vuww W ko 057 030 oos 0oy Y7 00
ALOs f{gé (0.19) 2225 (0.17) 21.81 (0.33) 46.55 (0.21) 00.85 (O.03) 10.4n | f IeO) ILSO007) 2245 0.06) 1601 (061 2257 (0.09)
e Fe0 00‘4‘5 (0’02) 00.06 (0.02) 00.06 (0.02) - = — o ) B ) UROY (0.02)  00.01 10,02) 00.02 (0.02)  00.02 (0.02)
’ Zn0 00.09 (0.01) 00.17 (0.02) 00.08 (0.01) 00.38 (0.02) - 04 0015 1005 MG 0006 000 0020 ©.02) 00,03 (0.00) 0009 (0.01)
ﬁgg 01.58 (0.09) 04.08 (0.20) 1691 (0.25) 00.07 (0.02) 8839 g,).(() 0:)’ 0081 (0t “;’Hg’ OLOT008) 0399 (010) 1175 (043) 1661 (0.12)
Ca0 — - _ _ 01,60 (0.10) 0616 0 19 b - oh02 002 —
— — . b K,0 o 08.89 (0.06) —
Na,0 - - 08.50 (0.90) 0143 (i
— — - T ) oy i Anligdeous fotal 98,31 91,83 94.35 86.52
K0 95 100.05 93.63 2
Anhydrous 97.60 91.87 86. - ; Si 7,630 1,992 5451 5.132 |
total ' 6.190 som Al 17.806 3.975 2.549 2.868 |
Si 7.849 . 1.998 5'11§ 0.013 1.810 2078 j Al 0.845 2.799 |
e 2.88 ool 1812 3975 | ri 0,090 0.000 0.181 0.012
Al 17722 3971 2.890 0000 - . | fie 3112 1.546 2.137 3.978
Ti 0.113 0.003 0.014 1950 0.09 0010 | Zn 0.019 0.002 0.002 0.003
Fe 2,738 1.530 3.806 1S 0C _ Mn 0.037 0.019 0.004 0.017
Zn 0091 0.004 g0l 0.017 — — Mg 0.687 0.490 2,647 5219
Mn 0.022 0.01 5'256 0.006 0.159 0.029 ! a — — 0.003 —
Mg 0.647 0.500 . o 0.003 0.114 ; K —_— - 1.713 —
Ca - - - —_ 0.415 1,555 | (0] 46.000 12.000 22.000 28.000
R K - - _ — 1.452 0238 |
| I‘o/I " 46.000 12,000 28.000 6.000 22000 . 22000 ; Tlmenite Muscovite Paragonite  Plagioclase
o Si0, 00.20 (0.01) 46.34 (0.29) 44.15 (0.48) 59.59 (0.42)
* Total iron calculated as FeO, ; TiO, 51.95 (0.60) —_ - —_— = —_—
e o byl AlLO, 00.08 (0.01) 35.49 (0.16) 41.26 (0.09) 25.58 (0.16)
: : ture of the basal e
ical i ity may be a function of the graphitic na i FeO 46.52 (0.19) 01,19 (0.03) 0036 0.01) — e
chefnlcal mh(;mOgel;?:;);t;otycalcarcous rocks and hence the absolute concentra | Zn0 I, oo o —
Stgir ﬂ“d/orf"e proxir 1. Thus, mosaic equilibrium, or *disequilibrium’ (the sub- MnO 00,51 (0.02) —_— —_ - T
tion of H,0 in th‘c fluid. W0S, MOst st be almost entirely responsible for the MgO 00.24 0.12) 00,97 (0.02)  00.13 (0.02) — -
1 e pron) o s e T Smam medl owen
rent IOW Variance, . R . 'r e a2 i 0, .57 11 . .1
apop]fa)isgquilibrium’on such an intimate scale renders mn)ra.ctlcabl;z1 thle é;ic?\;: \‘tr 1 K,0 0864 01 00,85 ©.05) 0007 0.02)
tion of detailed boundary reactions or rigidly ca}tegorizetd lonlsx;; ;gleits that on | Mhydrous total 99,50 94.27 94.78 99.90
. . ng @iy
defined nature of the minera zones stro ‘ N ,
thglecf:’dtif;: a;pslzmall number of mineral transformaum}s zlre.to be 1ec{(‘)£;:‘l;1’§'~"! I il‘ 88(1)(5) ]621;;19 gggg 1236311
it ine horizon § ially isochemical and thus if the influence of mim Al 3760 3502
The sampling horizon is essentially X tive reactions 1 .
components is excepted, it seems reasonable to infer that’the opera ads in the Tj 1.981 — —_ _—
were discontinuous and that the zone boundaries approximate to isogra ' 5161 L o1 o0k =
sense of Carmichael (1970), in sections through Mn 0.022 - — _
Even though ‘disequilibrium’ is prevalent, sequences of thin sec e Mg 0,019 0.194 0.026 ” ‘
he mineral zones show rough modal increases in produ.ct :gmd con Lo thew Ca . 0.003 0.203 1.307
crensen the reactant species of the inferred reactions. Tie lines auoy've(. v i Na - 0.418 1.645 2,704
' crcai;:: and particularly 3-phase areas, show similar rough increases Ié o00 253&1) z%gg 32-853
c . 4 d ol .
:ﬁmdanée with grade relative to those not a.llo‘wed. ity is strongly tied 10 5 | ———mr — : ’ )
 In zone 2, for example, a decrease in chloritoid modalgiytfs ds t”o . I%at ol sttt
o i ite abundance is weakly tie -~
increase in that of staurolite, Chlorxteaj ! ! L what |
;33 but the sign of the kyanite modality change is problematical. Fron
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—Table 4, Mean edge compositions.of F-288 minerals (Zone 4). Standard deviations in
parentheses

Garnet Staurolite - Biotite Chlori(c

24.60 (0.09)
00,18 (0.04)
23.42 (0.65)
20.39 (0.41)
00.02 (0.02)

36.25 (0.22)
01.43 (0.05)
19.53 (0.43)
15.51 (0.55)
00.05 (0.02)

27.86 (041
00.45 (0.03)
54.02 (0.56)
13.20 (0.12)

810, 3712 (0.27)
Ti0y 00.07 (0.02)
ALO, 21.51 (0.66)
FeO 33.71 (0.69)

Zn0 00,00 (0.00) 00.03 (0.02)

- MnO 01.22 (0.03) 00.08 (0.01) 00.05 (0.01) 00.08 (0.02)
MeO 02.88 (0.08) 01.04 (0.10) 11,73 (0.38) 16,98 (0.10)
Ca0O 0417 (0.2 . — : (0.00 (0.00) —

K0 — e 08.97 (0.06) _—
Anhydrous total 100.68 97.55 93.52 85.59
Si 5.926 7.122 5.484 5.167
Al 0.074 17.655 2.516 2.833
Al 3.974 0.967 2.967
Ti : 0.009 0.094 0.163 0.028
Fe 4,500 3.061 1.962 3.581
Zn 0.000 0.007 0.000 0.003
Mn 0.166 0.019 0.006 0.014
Mg 0.685 0.803 2.644 - 5316
Ca 0.714 — 0.000 —
K 1.732 —
(0] 24,000 46,000 22,000 28,000
Hmenite Muscovitc Paragonite Plagioclase
SiO, 00.15 (0.05) 46.84 (0.26) 44.62 (0.49) 61.65 (0.61)
TiO 53.30 (0.28) — — —
AIIZOS3 00.13 (0.02) 36.09 (0.41) 40.61 (0.31) 24.01 (0.27)
FeO 46.19 (0.27) 00.79 (0.02) 00.30 (0.03) 00.14 (0.01)
e ~9 (0.01) — — .-
MnO 00.29 (0. — — —
MIgIO 00.14 (0.01) 00.76 (0.18) 00.12 (0.01) 00.03 (0.62)
Ca0 —_ 00.02 (0.02) 01.16 (0.06) 05.19 (0.26)
Na,O — 01.80 (0.16) 05.62 (0.14) 08.68 (0.17
KO0 . — 08.54 (0.10) 00.98 (0.07) 00.07 (0.01)
Anhydrous total 100.20 94.84 94.31 99,77
Si 0.008 6.190 5.786 10.963
A]l 0.008 1.810 2.214 5.034
Al 3.812 3.995
i 2.008 — — o
;:, 1.936 0.088 0.033 0.022
Zn _H — — —
M 0.013 — . -
M; 0.011 0.150 0.023 0.009
Ca — 0.003 0,162 ‘().‘)‘)()
Na —_ 04062 1.639 2.9‘)}
K — 1.441 0.163 0.017
(o] 6.000 22,000 22.000 32.000

i
it
-

{_ hown about Fe-Mg partitioning between the various phases (c.g. Albee, 1972)
and-from the chemography suggested for the zone 2 specimens by the microprobe
aalyses in Table 3, it is rcasonable to assume the following to have been
approximated at the zone I-zone 2 boundary; '

chloritoid 4 kyanite = staurolite+ chlorite + quartz + H,0,

The reaction responsible for the zone 3 mineralogy must reconcile the ap-
pearance of biotite with an observed increase in staurolite and a decrease in
chloritoid and chlorite modalities. Kyanite abundance again does not scem to
vary in any regular way, A zone 2-zon¢ 3 boundary reaction approximating to

chloritoid + chlorite 4 inuscovite = staurolite + biotite + quartz+ H,0

mist have been operative,

Garnet first appears and matrix chloritoid disappears at the zone 3-zone 4
boundary., From this boundary southwards biotite shows a strong modal
increase while a smaller increase is noticed for staurolite. The reaction

chloritoid + muscovite + quértz = staurolite+ garnet + biotite + H,0

is most consistent with these observations. The cause of an observed moderate
decrease in the abundance of both chlorite and kyanite here is problematical,

The often very fine white-mica intergrowths and the skeletal, amoeboid
tharacter of plagioclase renders impractical modal analysis of the precision re-
quired to decipher the role of these phases in the zone boundary reactions.
Knowing that plagioclase abruptly appears and increases in abundance from the
wne 2-zone 3 boundary southwards, however, some surmise docs seem possible.
Thus it can be assumed that the production of feldspar in the sampling horizon
¥as a consequence of the first appearance of biotite. The requisite breakdown of
muscovite must have liberated significant Na,O (zone 2 muscovites have molecu-
br compositions averaging Mug, Parag,, Mg-celads Fe-Celad,) and because the
(a0 in the resulting plagioclase could only have been made up by paragonite
ilagioclase compositions fall in the range oligoclase-andesine while zone 2
paragonites average Mu, Paragy, Marg, Mg-Celad; Fe-Celad,) the following
aust have been the fundamental transformation operative:

(Na, K) muscovite+ (Na, K, Ca) paragonite + quartz = plagioclase+
kyanite + H,0.
\clartficution of the role of rare margarite in this and other Lukmanier reactions
mist awail further study.
i Itmay be that the above was coupled to the ferromagnesian boundary reaction
“wtonly through biotite, but also by the conlribution of the excess alumina not to
Hyanite but (o, say, staurolite, namely
chloritoid -+ chlorite -+ muscovite + paragonite = staurolite+ biotite +
f plagioclase + guartz + H,0.
I The behaviour of muscovite and paragonite in the zone 3—-zone 4 boundary
Jtction must have been similar to that above, since plagioclase modality appears
Yy eontinue to increase with grade, Thus a coupled reaction such as

chioritoid + nuscovite + paragonite + quartz = gamet +staurolite + biotite
+plagioclase + H,0

ke likely,
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5. The petrogenetic grid and the conditions of hietamorphism

T

The basic information about the zone boundary reactions obtained above can he
used to fit the Lukmanier parageneses into a more general scheme, Two Schiein-
makers constructions, taken essentially from Albee (1965) and Hoschek (1949,
but differing in that the non-collinear chemographic relationship betwery
AlLSiO;, staurolite, chloritoid and garnet obtained from Tables 24 is assurind,
are shown in Figure 3. The grids differ from Albee’s in that equilibrin involving
all three Al,SiO; polymorphs are considered and they differ from Hoschek's in
that the invariant point [Ky, sill, and cd] is taken to lic in the kyanite ficld, in
accordance with observations made here and elsewhere (Fox, 1971). Tt should be
noted that Hoschek’s location of the cordierite-limiting reaction at the low P purt
of Figure 3(a) has been confirmed by Hess (1969) and by Bird & Fawecett (1971),
who limit even Mg-cordierite to the vicinity of the ALSIO, triple point as deter-
mined by Richardson, Gilbert & Bell (1969). Figure 3(b), which probably corre-
sponds to the condition Py,o & 0.5Pwa (cf. Hoschek, 1969), was generated from
Figure 3 (a) by rotating the key equilibria — (ky, and, sill, stau, c¢d), (ky, and, sill,
ga, cd) and (ky, and, sill, chl, cd) - about their respective low-temperature in-
variant points by roughly the amount prescribed for the analogous equilibria
by Albee (1965) and by assuming the upper stability limit of cordierite to be
relatively insensitive to changes in Pg,o.

As observed by Albee (1972), the same sequence of reactions is encountered in
the vicinity of the invariant point [ky, and, sill, cd] - the area of P-T space corre-
sponding to the Lukmanier situation — whether the situation is that of Figure 3(a)
or that of Figure 3(b). It is therefore impossible to determine purely on para-
genetic grounds which of these most closely corresponds to the Lukmanier
situation. With a positive sloping geothermal gradient emanating from the shaded
regions in the two grids it secems unlikely that cordierite-bearing assemblages will
be encountered at high grade, irrespective of fluid composition. This observation
can be used to compare the Lepontine metamorphism (represented by such a
gradicnt) with the problematical rocks around the Bergell granite, Many geolo-

gists (¢.g. E. Wenk, 1970; Moticska, 1970) consider the Bergell event to represent
a high level continuation of the Lepontine phase, However, such paragencsis as
that of the cordicrite-sillimanite-garnet-biotite contact hornfels reported by E.
Wenk (1973) from the latter arca must be incompatible with the Lepontine
gradient and must lic in the vicinity of (stau, ky, and, chl, ctd), far removed from
the relevant bundle about [ky, and, sill, cd], They, and hence the whole Bergell
event, must require an entirely new geothermal path,

The indifferent crossing of the equilibria involving chloritoid + kyanite (Hos-
chek, 1967; Richardson, 1968) and margarite+ quartz (Storre & Nitsch; 1974
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provide an estimate for the conditions of metamorphism here, The two equilibris
intersect at 5.5 kb and 550 °C when Py,p = Puw., (Margarite has been micror (q
chemically identified in a number of carbonate-free, ‘low variance’ basal Stgir ;
rocks from zones 2, 3, and 4 (Fox, 1974), The presence of graphite suggests that |
Pu,o in the basal Stgir is unlikely to have exceeded 0.85 Piowm /French, 1966) and )
since a lowering of Pr,o depresses the temperatures of both decompositions 1o 4
significant extent these figures must be considered maximum estimates, They are, )
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however, in good agreement with those obtained by Frey (1969). th{:)n lineatly
extrapolated to zero these values give an approximate ﬁgurc of 18-24 °C/km for
- the operative thermal gradient, which is compa 'z}blc. with current steady stale
shield values (Dewey & Pankhurst, 1970), but which is admittedly at odds with
the convecetive heat source proposed below,

6. Discussion

Sanipling in the pass has thus enabled the delineation of t‘hrccfdimens‘ionul zone

boundurics which may be characterized by simple, discontinuous rcuf:t.mns: Since

these reactions have relatively steep slopes regardless of .ﬂuid c‘onmomtmn ( i.e.are
) relatively insensitive {o changes in tolal pressure, seo Fig. 3) it follows that these

boundarics can be considered as paleolsotherms,

P tot

T

Figure 4, Assumed P-T {rajectorics and age rclations of the \‘ill‘]?)lfs. stoprs (_)l: -‘mf\?
Alpine metamorphism, The dashed curve represents the stage of prasinitizatinn discissed
by Bearth (1967) and Ernst (1973).

Data is now available from heat flow and geochronolagical culmlul‘uzn-; (€ ‘hp k
& Jiger, 1969) and from railway surveys (Schaer & Jezun'i.clmul, 1974) wh'l«t‘h
clearly indicate a late- and post-orogenic differential unloading of the moun(‘u’!j
chain centred about the southern Lepontine. When it is assumed that 35 Ma have
passed since the peak of metamorphism (Hunziker, 1970) an cslim{uc o'l' ‘mt'ul
uplift can be derived from the data: in particular for the Lukmanicr arca, o

cevation of some 28 km. A moment of rotation about the Eocene topographic
contours along the section Lucerne-Lukmanier is suggested which, when trans-
lted into real values relative to the direction of increasing grade works out to
14-21°, Note, incidentally, that this must cettainly be an over-estimation since
Sehaer & Jeanrichard’s dufa force the assumption that the Lucerne arca (which
today is marked by almost 2 km of elevation) has sulleted negligible uplift,

Bearing in mind the minimum true dip of 35 °N for the zone 2-zone 3 boundary
{henee, isotherm) and the post-orogenic rotation of the Eoceie topography, a
true minimum value of 14-21° N for the inclination of the Lukmanicr pileo-
isotherms can be obtained, This, in turn, can be applied to the probiems of the
source of heat for the Lepontine metamorphic phase. A situation wherein iso-
therms were significantly prograde inclined does not conform to the thermal
model for occanic trenches (Oxburgh & T urcotte, 1971; Sugimura & Uyeda,
1973) in which blueschist tectonites are thought to form. From a mechanistic
point of view, therelore, this seems (o confirm that the Lepontine gradient cannot
be a high-temperature continuation or crosional derivative of the Alpine blue-
wchists. It is also clear that the horizontal isotherms required by E. Niggli’s (1970)
burial hypotheses for the Lepontine did not obtain here. Although burial meta-
morphic isotherms nced not be perfectly horizontal, the true minimum of 14-21°
is several times larger than thermal perturbations which might be induced, for
sample, by mantle-crust angular irregularitics (see O’Brien, 1968). Clearly, some
thermal convection located S of the Lukmanier area is required.,

Further isograd mapping may elucidate the nature of this convective source
and its relation to the distinct blueschist and Bergell events (sec Frey et al. (1974)
for a review of the Bergell problem), but one line of thought so far inadequately
considered may be worth following up. Both the Lepontine and Bergell events
may represent a single, drawn-out stage of magmatic convection subsequent to
lihospheric subduction. The observed geothermal differences between the two
may represent only the degree to which late-orogenic transcurrent faulting along
the Insubric line and its offshoots allowed the melt to concentrate near the earth’s
surface.

1 Conclusions

The somewhal subjective study of the mineral zone transitions — the best that can
be doue in view of the ubiquity of ‘disequilibrium’ in the Lukmanier meta-
wlites - yields some information of relevance to the larger problem of Alpine
coogencsis, 1 now seems reasonable to assume different thermal regimes for
lifferent parts of the Alpine belt not only because gradients seem to differ
H0-20 “C/km in the perimetal blueschists, from Chinner & Dixon, 1973 3 18-
N°Cfkn for the Lukmanier section of the Lepontine; 30 °Cfkm, i.e. below the

FALSIO; iriple point, for the Bergell contact aureole) but also because P-T condi-
i ons in the various parts are such that no reasonable, smooth gradient can be
drawn between them, It must, therefore, be concluded that the Alpine orogeny
| s thermally plural, that at least 3 distinct prograde phases can be recognized
 fourth, pre-blueschist, high T-low P phase has been reportcd in the Eastern
%v\lps by Hawkesworth, Waters & Bickle, 1975), and that the intermediate,
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Lepontine phase had a convective heat source. This intérpretation (excepting the
nature of the heat source) is essentially in agreement with that of E. Niggli (1970)
and Zwart (1974) and is, in fact, borne out by the most recent geochronological
findings (Jéiger, 1973; Gulson, 1973). Figure 4 shows the proposed -1 {rajec-

 tories for the major metamorphic phases and illustrates this remarkable tendency
to higher crustal levels of metamorphism with decreasing age.
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; ~ Superfamily

Marsupiocrinidae of the Laurel Limestone of
sotitheastern Indiana

I, FREST
{Plate 1)

Summary. Three new species of Marsupioerinus are deseribed from the basal Wenlock
Laurel Limestone of southeastern Indiana, Although the carlicst representatives of the
genus yet known, they display fully the specialized characters peculiar to it, Two new
subgencera of Marsupiocrinus are crected on the basis of arm structure and cup shape.

{, Introduction

Bassler & Moodey (1943, pp. 44-45) list a sizeable echinodetrm fauna, including
59 crinoids, from the Laurel Limestone (Laurel member, Salamonic Dolomite
of Pinsak & Shaver (1964)) at St Paul, Indiana. Most of these were described by
Miller (1892, 1894) and by Springer (1926). Since the publication of Springer’s
nonograph little additional rescarch has been done on the Laurel echinoderms.
The discovery of a prolific Laurel locality near Sandusky, Indiana (Frest & Paul,
1971), the rediscovery of Springer’s St Paul locality, and the examination of the
old Laurel collections have turned up a number of new echinoderms, among
which are the crinoids described below, '

Most of Springer’s and Miller’s material, including the specimens of
Marsupiocrinus, was collected from the Adams’ Quarry, SE of St Paul (SW4 SWi
SE} sec. 3, TIIN R8E, Adams’ 74 quadrangle, Decatur County, Indiana).
This is the more southerly of the two quarries mentioned by Foerste (1898,
pp. 230-1) as being owned by H. C. Adams. It is still known locally as the
Adams’ Quarry, and is the only quarry in the area which was worked regularly
during the period 1892-1926. The other quarries described by Foerste can still
te Iocated; these proved to be almost totally unfossiliferous. A stratigraphic
wetion of the Adams’ Quatry is given below (Fig. 1): it differs largely from that
listied by Foerste (1898) since the operation was expanded considerably between
1921-23 before closing permanently,
|
L Bysteniatic descriptions
Crinoidea Miller, 1821
Camerata Wachsmuth & Springer, 1886
Monobathrida Moore & Laudon, 1943
Glyptocrinina Moore, 1952
Patelliocrinacea Ubaghs, 1953
Marsupiocrinidae Jaekel, 1918

Class
Subclass
Order
Suborder

Family

’ Definition. Monocyclic camerates with low cup and flat or nearly flat base.

| .
| Geel, Mag. 12 (6), 1975, pp. 565-574. Printed in Great Britain.
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