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ABSTRACT

Coticules (garnet-rich quartzites) are chemically distinctive lithologies of controversial origin. They generally occur in pelitic
schists, amphibalites, cherts, and quartzites as thin layers or discontinuous lenses in Paleozoic formations in the New England
Appalachians and other orogenic belts. Geochemical data were collected to characterize coticules and their host rocks from the
Middle Silurian Perry Mountain Formation of southern New Hampshire (near Rochester) and western Maine (near Rangeley),
and the Cambrian Megunticook Formation of coastal Maine (Camden and Calais). Relative to their host rocks, the coticules are
enriched in Fe, Mn, and P, and depleted in Ti and alkalis. Electron-microprobe analyses of garnet show higher spessartine and
lower almandine componentsrelative to garnet in the host. Coticulesare light-REE-enriched and heavy-REE-depl eted. They have
concentrations between 10 and 100 times those of chondrites, generally lack a Ce anomaly, and have a negative Eu anomaly.
Major-element compositions and REE profiles argue strongly against ahydrothermal origin for these rocks, and do not obviously
support a hydrogenous (diagenetic) origin such as Mn—Fe formation. Rare-earth-element patterns differ as much within alocal
area as for widely separated samples within a single formation. All three samples from the Megunticook Formation are nearly
identical, supporting stratigraphic correlation. But they are aso like some of the Perry Mountain Formation samples, so that
coticule compositions for a formation are not unique.

Keywords: coticules, bulk composition, rare-earth elements, Perry Mountain Formation, Megunticook Formation, Maine, New
Hampshire.

SOMMAIRE

Les coticules (quartzites grenatiféres) sont des roches ayant une composition distincte et une origine controversée. On les
trouve en général dans des séquences de schistes pélitiques, d’ amphibolites, de cherts, et de quartzites, en minces couches ou en
lentilles discontinues dans les formations pal éozoiques des Appalaches de la Nouvelle-Angleterre et ailleurs dans des ceintures
orogéniques. Des données géochimiques ont été prél evées afin de caractériser les coticules et leurs roches-hdtes de la Formation
de Perry Mountain (&ge silurien moyen) du sud du New Hampshire, prés de Rochester, et de |’ ouest du Maine, prés de Rangeley,
ains quelaFormation de Megunticook (cambrien), delapartie cotiere du Maine, prés de Camden et de Calais. Par rapport aleurs
roches-hétes, les coticules sont enrichiesen Fe, Mn, et P, et appauvriesen Ti et en alcalins. Lesanalyses du grenat alamicrosonde
électronique montrent une teneur plus élevée en spessartine et plusfaible en almandin quele grenat delaroche-héte. Lescoticules
sont enrichies en terres rares |égeres et appauvries en terres rares lourdes. Leurs concentrations en terres rares varient entre 10 et
100 foisles teneurs chondritiques. En général, les coticul es sont sans anomalie en Ce, mais elles montrent une anomalie négative
en Eu. Les compositions en termes des ééments majeurs et les profils des terres rares montrent clairement qu’une origine
hydrothermale ne peut étre retenue, de méme qu’ une origine “hydrogénée” (diagénétique), comme c’ eest |e cas pour une forma-
tion de Mn—Fe. Lesprofilsen terresrares d’ échantillons d’ une seule formation différent autant au sein d’ une région restreinte que
sur une plus grande échelle. Les trois échantillons de la Formation de Megunticook sont presqu’identiques, ce qui pourrait
encourager une application pour fins de corrélation stratigraphique. Maisils ressemblent aussi aux échantillons de la Formation
de Perry Mountain, ce qui démontre que la composition des coticules n' est pas distincte dans une formation particuliére.

(Traduit par la Rédaction)

Mots-clés: coticules, composition globale, terres rares, corrélation, Formation de Perry Mountain, Formation de Megunticook,
Maine, New Hampshire.
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INTRODUCTION

Coticules, or garnet-rich quartzites, are distinctive
lithologies of controversial origin. The term coticule is
primarily afield term used to describe fine-grained gar-
net-rich quartzites. Such rocks are typically richer in
manganese than average pelite or shale, and thus com-
monly contain spessartine. They occur in sequences of
pelitic schist, amphibolite, chert, and quartzite as thin
layers or lensesin formations of Cambrian to Devonian
agethroughout the New England Appal achians and into
Newfoundland. Individual coticule-bearing formations
are continuous or nearly so along strike for distances up
to 350 km.

Historically, coticule geochemistry has not received
significant attention in the literature. Early papers pri-
marily focused on detailed field and petrographic de-
scriptions, with few data on mineral compositions and
essentially none on whole rocks. Whereas most authors
would agree that manganeseis derived from a sedimen-
tary precursor, a variety of protoliths have been pro-
posed: Mn-rich sandy layers (Clifford 1960), impure
manganiferous chert layers (Renard 1878, Emerson
1898, Schiller & Taylor 1965, Eusden et al. 1984,
Thompson 1985), Mn-carbonate concretions (Woodland
1939, Bennett 1989, Schreyer et al. 1992), and mangani-
ferous sediment with volcanogenic affiliations (Kramm
1976, Lamens et al. 1986, Krosse & Schreyer 1993).

In this paper, | present new major- and trace-element
geochemical datafor coticulesfrom the middle Silurian
Perry Mountain Formation of southern New Hampshire
and western Maine and the Cambrian Megunticook
Formation of coastal Maine. Results of electron-micro-
probe analyses of coticule and host-rock garnet also are
presented. The goals of this paper are to evaluate (1)
major- and trace-element compositions and rare-earth
element (REE) patterns for these coticules and their
possible use in protolith determination, and (2) the pos-
sibility of using these data astoolsfor stratigraphic cor-
relation of coticules over short and long distances.

BACKGROUND

Although bulk geochemical analyses of coticules
have received considerable attention in the literature
(Kramm 1976, Docka 1985, Lamenset al. 1986, Bennett
1987, Wonder 1987, Spry & Wonder 1989, L ottermoser
1989, Spry 1990, Schreyer et al. 1992, Krosse &
Schreyer 1993), there is a paucity of published data on
their REE concentrations. Based on fairly scant major
and REE geochemical data at the time, Docka (1985)
concluded that the Mn—Fe metasedimentary units stud-
ied in New England were derived from a mixture of
hydrogenous sediment (e.g., ocean floor Mn—~e nodules
and pavements) and deep-sea pelagic sediment (e.g.,
open-ocean sediments free of a coarse clastic fraction).

Spry (1990) compared REE patterns of coticules as-
sociated with metamorphosed massive sulfide deposits
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from Georgia (Wonder et al. 1988) and the Willyama
complex of Australia (Lottermoser 1989) with those of
hydrothermal, hydrogenous, and mixed-provenance
manganiferous sediments. He also considered those
coticulesfrom New England that are not associated with
base-metal mineralization (Docka 1985). In his study,
Spry demonstrated that coticules have very distinctive
chondrite-normalized REE patterns. He concluded that
coticules were derived from a mixture of hydrothermal
sediment (e.g., such as at present-day ocean-floor
spreading centers) with pelagic sediment. In amore re-
cent investigation, Spry et al. (2000) suggested that the
contribution of detrital material to coticules spatially and
temporally associated with hydrotherma ore deposits
lies between 30 and 70%.

Coticules are typicaly light-REE enriched, heavy-
REE depleted, and show a negative Eu anomaly. Rare-
earth-element concentrations of coticules are typically
10to 100 times those of chondrites. With the exception
of adlight positive Ce anomaly in coticules from New
England investigated by Docka (1985), most coticules
show an absence of a Ce anomaly. A positive Ce
anomaly istypically taken as evidence of ahydrogenous
origin; purely hydrothermal sediments are characterized
by a negative Ce anomaly (Bonatti 1975). Marchig et
al. (1982) also noted that chondrite-normalized REE
patterns of hydrogenous and hydrothermal sediments
exhibit distinct trends and that these differences can
serve as geochemical discriminants between the two.

The data suggest that most coticules considered by
Spry (1990) have REE concentrationsthat lie within the
region for hydrothermal sediments (typically between
20 and 200 times those of chondrites), but well below
the region for hydrogenous sediments (typically be-
tween 100 and 1000 times those of chondrites). Spry
(1990) also noted that the compositions of coticules
overlap those of pelagic sediment.

It is clear that more REE analyses of coticules are
necessary to improve any understanding of sedimentary
precursorsfor these distinctive lithol ogies. Furthermore,
REE patterns of individual coticules may be used in
making long-range geochemical correlations between
rocks considered as stratigraphic eguivalents on the ba-
sis of lithological similarities.

GENERAL GEOLOGICAL SETTING

The New England samples of coticulesinvestigated
here are from the Merrimack synclinorium in southern
New Hampshire and western Maine and from within the
St. Croix belt in Maine (Fig. 1). The Merrimack syncli-
norium is a large-scale structure associated with the
Devonian Acadian orogeny, related to the final closure
of the lapetus Ocean in a continent—continent collision.
The Merrimack synclinorium contains Silurian and
Devonian sediments shed southeastward from the
Bronson Hill anticlinorium. The resulting sedimentary
rocks and pre-Silurian basement units were intensely
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deformed and metamorphosed during the Acadian orog-
eny (~410-360 Ma). The St. Croix beltisageologically
diverse belt of Silurian—Devonian shallow marine clas-
tic and minor vol canic rocks built on older metavolcanic
and metasedimentary rocks (Osberg & Berry 1991).

CorticuLE-BEARING FORMATIONS STUDIED
Perry Mountain Formation

Coticule-bearing samples of the middle Silurian
Perry Mountain Formation were collected from the
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southeastern limb of the Merrimack synclinorium near
Northwood Narrows and Center Strafford, New Hamp-
shire (Rochester area; distal to source region) and the
northwestern limb of the synclinorium near Coos
Canyon, Maine (Rangeley area; proximal to source
region). The stratigraphic sequenceincludesthe Silurian
Rangeley, Perry Mountain, Smalls Falls, and Madrid
formations and the Lower Devonian Carrabassett For-
mation (Maine) or Littleton Formation (New Hamp-
shire) (Hatch et al. 1983, Eusden & Lyons 1993). This
well-known stratigraphic sequence is characterized by
thinly to thickly interbedded quartzites and pelites with
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Fic. 1. Selected tectonic features in New England and sample localities. Symbols: MS
Merrimack synclinorium, BHA Bronson Hill anticlinorium, BMA Boundary Mountain
anticlinorium, CVGS Connecticut Valley — Gaspé synclinorium. Patterned area: St.
Croix belt.
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local metaconglomerates, aswell asinterbedded calcar-
eous hiotite granofels and quartzite and the distinctive
metamorphosed black shale of the Smalls Falls Forma-
tion, which was deposited in anoxic conditions (Guidotti
2000).

The upper Perry Mountain Formation near
Northwood Narrows (Stop 2 of Eusden 1988) and Cen-
ter Strafford (Stop 7A of Eusden et al. 1984), New
Hampshire consist of well-bedded gray garnet—stauro-
lite schist and coticule-bearing quartzite. The two lo-
calities are approximately 6 kilometers apart along
strike. The Perry Mountain Formation in the Coos Can-
yon area of Maine consists of coarse garnet—staurolite
schists and coticule-bearing fine-grained, micaceous
quartzite (Guidotti 2000).

Three distinctive types of coticules were observed
within the Perry Mountain Formation localities (Fig. 2):
(1) pink-colored lenses or pods (1020 cm long), which
are difficult to collect, (2) laterally extensive but dis-
continuous horizons of pink-colored coticules of vari-
able thickness (220 cm), and (3) dark-colored (black)
coticulesfound asthin (to 2 cm), laterally extensive, and
commonly complexly folded horizons. The laterally
extensive horizons of coticule are parallel to bedding.
Samples collected from the Northwood Narrowslocality
include both folded type-3 horizons and some type-1
coticules; at Center Strafford and Coos Canyon, the
coticules are of type 2 and variable in thickness.

Metamorphic grade of Perry Mountain
Formation samples

The Perry Mountain Formation in the southern New
Hampshirelocalities and the western Maine locality are
polymetamorphic. Three events have been recognized
by Eusden et al. (1984) in New Hampshire, including
an early low-pressure facies-series event (M 1) followed
by contact metamorphism near igneous bodies (M2),
and alater retrogressive (M3) event. The samples from
near Center Strafford may exhibit contact metamorphic
effects (M2) from intrusion of a nearby diorite. Meta-
morphism attained the amphibolite facies (sillimanite—
muscovite grade) (Eusden 1988).

Guidotti (1970, 2000) and Guidotti et al. (1991) have
suggested a polymetamorphic history for the western
Mainelocality aswell. A low-grade (M 1) metamorphic
event wasfollowed by asecond event (M2) that brought
the rocks up to staurolite — andalusite — biotite grade.
Guidotti et al. (1991) and Guidotti (2000) have shown
that a later staurolite-grade metamorphism (M3) was
superimposed on the staurolite— andal usite— biotite grade
metamorphism (M2), resulting in theformation of coarse
muscovite after andalusite as well as minor chlorite,

Megunticook Formation

Coticule-bearing samples of the Cambrian
Megunticook Formation were collected from three lo-
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calities over 200 kilometers apart along strike (Fig. 1).
In central coastal Maine, samples were collected from
the Camden Hills area (one site in Camden and one in
Lincolnville Center) from the St. Croix lithotectonic belt
(Berry & Osberg 1989), afault-bounded block of meta-
morphosed Precambrian to Ordovician stratified rock.
The Megunticook Formation in theselocalitiestypically
consistsof gray quartz—muscovite— biotite—andalusite
— garnet schist and quartz — plagioclase — biotite granu-
lite (Osberg & Berry 1991). It also locally contains
abundant layers (generally <5 cm) of pink to orange
coticule (Fig. 3a). The Megunticook Formation is over-
lain by the Cambrian—Ordovician Penobscot Formation,
the base of which is marked by pillow basalts dated as
latest Cambrian (Osberg & Berry 1991). The Penobscot
Formation is a rusty weathered, black to gray quartz —
muscovite — phlogopite— sulfide schist (Osberg & Berry
1991) formed from sediments deposited in an anoxic
environment. Samples from Lincolnville Center (CM—4)
are from the top of the Megunticook Formation, just
below the Penobscot contact (H.N. Berry, pers.
commun., 1995).

Rocks considered to be stratigraphic equivalents to
the Megunticook Formation in the Camden Hills area
are exposed along the St. Croix River in Calais, Maine
(Ludman 1978). Theserocks, of limited exposure, were
originally assigned to the Cambrian—Ordovician
Cookson Formation, but are now considered to corre-
|ate with the Cambrian Megunticook Formation (Allan
Ludman, pers. commun., 1995) as defined by Berry &
Osberg (1989). The host rocksto the coticules here con-
sist of dark, argillaceous quartzite with small pink gar-
netiferous pods and lenses scattered throughout
(Fig. 3b).

Metamor phic grade of the Megunticook
Formation samples

Therocksinthe central coastal Maine area(Camden
Hills) are polymetamorphic, with two prograde events
and local retrogression to white mica + chlorite (Berry
1986). Pseudomorph textures are evident. Thelow-pres-
sure metamorphism that affected these rocks attained
andalusite-sillimanite grade. Samples from Camden
(CM-=3) are from near the southeastern edge of the Sil-
urian Y oungtown granite, which has associated musco-
vite-tourmaline pegmatites.

Therocksin Calais, Maine are found within acom-
plex epizonal contact aureole involving at least four
episodes of pluton emplacement including agabbro and
three granites. The argillaceous host-rocks contain
cordierite that formed as a result of contact metamor-
phism, but the local regional grade is greenschist facies
(chlorite zone) (Ludman 1978). At any rate, the rocks
in Calais were metamorphosed at lower grades than
those in Camden Hills.
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SAMPLE DESCRIPTIONS

Perry Mountain Formation

Northwood Narrows: Four samples of dark, laterally
extensive coticules (Type 3; 1-1.5 cm thick) and three
samples of pink, lenticular pods (Type 1) from North-
wood Narrows, New Hampshire were collected from
Stop 2 of Eusden (1988). Both types are hosted by a

Fic. 2. Distinctive types of coticules observed within the
Perry Mountain Formation. (&) L ensesor pods (Northwood
Narrows). (b) Discontinuous layers (Center Strafford).
(c) Laterally extensive, folded horizons (Northwood
Narrows).

foliated garnet (5%) — biotite (partly atered to chlorite)
quartzite with decussate | aths of muscovite. Tourmaline,
biotite, and opague phases are commonly concentrated
along the contacts between the coticule and host quartz-
ite, both of which have little, if any, other tourmaline.
Only the laterally extensive coticules were thin-sec-
tioned. They are characterized by anhedral grains of
garnet (60—65%; to 0.5 mm) set in a matrix dominated
by quartz with subordinate amounts of biotite, apatite

Fic. 3. Coticules observed within the Megunticook Formation, St. Croix belt. (a) Thinly laminated coticule (Camden). (b)
Lenses or pods (Caais).
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Fic. 4. Photomicrographs of Perry Mountain Formation samples (field of view for a—c: ~5 mm; d: ~1 mm). (&) Dark-colored
coticule (NN—2/c). (b) Thick pink coticule. Garnet rims are inclusion-free (CS-7/c). (c) Intermediate-thickness pink coticule
with finer-grained garnet (CS-6/c). (d) Pink coticule (CC-1/c). Symbols: NN Northwood Narrows, CS Center Strafford, CC

Coos Canyon.

and ilmenite (Fig. 4a). The individual grains of garnet
have many opaque inclusionsthroughout. Some coarser
grains of garnet found near (to 1 mm) the borders of the
coticule are characterized by an inclusion-rich core and
an inclusion-free rim.

Center Strafford: The laterally extensive pink-col-
ored coticules of Type 2 from near Center Strafford,
New Hampshire (Stop 7A of Eusden et al. 1988) are
characterized by anhedral grains of garnet (45-60%; to
0.5 mm) in a quartz-rich matrix with microscopically
visible grains of tourmaline, apatite, rutile and opaque
phases (ilmenite?). Most grains of garnet contain ran-
domly oriented opaque inclusions throughout, although
some have a distinct inclusion-free rim (Fig. 4b). The
coticule adjacent to the host-rock contact is character-
ized by anhedral grainsof garnet set in amatrix of quartz
and subordinate amounts of altered plagioclase. Rutile
is particularly abundant at the contact. The host rock is

predominantly quartzite with little garnet, biotite, chlo-
rite, muscovite, tourmaline, and rutile. Intermediate-
thickness and thin pink (Type 2) coticules consist of
finer-grained anhedral garnet (with few randomly ori-
ented inclusions of opague phases) set in a matrix of
quartz, biotite, chlorite, muscovite, tourmaline, apatite,
and opague phases (Fig. 4c).

Coos Canyon: Thin-section analysis of a sample
collected from arather continuous type-2 coticule in a
host of micaceous quartzite shows isolated anhedral
grains of garnet (55-60%; to 0.5 mm) and numerous
coalesced garnet grainsin aquartz-rich matrix with apa-
tite, rutile and opaque phases (Fig. 4d). The coarser iso-
lated grains of garnet have an inclusion-free rim,
whereas the coalesced aggregates of garnet grains are
essentially inclusion-free. The host rock is a well-foli-
ated biotite — garnet quartzite with plagioclase and
opague phases.
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Megunticook Formation

Camden: Only very coticule-rich samples were col-
lected from one locality near Camden, Maine; the host
rock was not collected. Sample CM—3 is distinctly lay-
ered both in outcrop (Fig. 3a) and on athin-section scale
(Fig. 58), with very garnet-rich layers alternating with
fine-grained quartzite layers. The quartzite layers con-
tain biotite and chlorite and extremely thin zones en-
riched in an opague phase (opague phase within garnet).
The garnet-rich layers, which have interstitial quartz,
apatite, and biotite (altered to a Fe-dominant chlorite),
are characterized by “stringers’ of interconnecting gar-
net grains (60-65% garnet) (Fig. 5a). These stringers
are aligned perpendicular to the layering in the rock.
Individual grains of garnet are cluttered with inclusions
that are too fine to identify with a petrographic micro-
scope, but their alignment parallels the layering.

Lincolnville Center: The sample from Lincolnville
Center (CM—4) is characterized by more distorted lay-
ering and coarser grain-sizethan samplesfrom Camden.
Individual layers are difficult to trace in thin section
(Fig. 5b). Grains of garnet (to 0.5 mm) are scattered
throughout the rock, with none of the interconnectivity
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Fic. 5. Photomicrographs of Megunticook Formation sam-
ples. (a) Coticule with stringers of interconnected garnet
from Camden. Fine-grained opague minerals are aigned
left to right, parallel to bedding (CM/3, field of view: ~5
mm). (b) Coarser-grained coticulefrom Lincolnville Center
(CM—4, field of view: ~5 mm). (c) Edge of coticule pod
from Calais. Foliationin host rock (upper right) partly con-
formsto coticule (NM—1, field of view: ~1 mm).

described above. These grains have an orange-colored,
inclusion-rich core and an inclusion-free rim. The ma-
trix consists of interstitial quartz, plagioclase, bictite,
apatite, and opaque phases.

Calais: The dominant rock-type is a hard, dense,
fine-grained black argillaceous quartzite comprised of
biotite, garnet, and quartz + cordierite. The red-brown
biotite definesafoliation that is cross-cut by biotite-free
poikilitic porphyroblasts (to 0.5 mm) of dightly altered
cordierite (?) and isolated euhedral grains of garnet to
0.5 mm across. The foliation partially wraps around or
isdisrupted by scattered pods of coticuleto 2 cm across
(Fig. 5¢). The coticule consists of fine-grained equi-
granular garnet (~80%), interstitial quartz, opaque
phases, apatite, and traces of biotite and muscovite. The
garnet grains have an isotropic core rich in opague in-
clusions; their relatively inclusion-free rim is slightly
anisotropic.

GARNET COMPOSITIONS
Garnet was analyzed with a Cameca MBX three-

spectrometer electron microprobe housed at the
GeoAnalytical Laboratory at Washington State Univer-
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sity in Pullman, Washington. Operating conditions for
analyses included an accelerating potential voltage of
15 keV, and a sample current of 15 nA. A beam diam-
eter of 1to 5 wm was used for garnet. Table 1 shows
representative compositions of the garnet core from se-
lected coticules and from some of their host rocks. Gar-
net grains from Coos Canyon and the Camden, Maine
area were not analyzed.

Garnet in coticule from the Perry Mountain Forma-
tion (NN-2/c, CS-3/c, CS-6/c, and CS-7/c) is domi-
nated by almandine (Alm) and spessartine (Sps)
components. The spessartine content is highest (33.4%)
in thick (8 cm), pink coticules (CS-7/c) and lowest
(18.4%) in the thin (2 cm), pink coticules (CS-3/c). Pink
coticules of intermediate thickness (34 cm) (CS-6/c)
have intermediate Mn contents (26.1% Sps). Garnet in
thin (2 cm), black coticule (NN—2/c) also have highMn
contents (27.9% Sps), but not as high as in the thick,
pink coticules.

In each case, garnet in coticule from the Perry Moun-
tain Formation is more manganiferous than that in the
host rock. Figure 6 illustrates the variation in garnet
compositions across individual layers of coticule. Each
data point represents the core composition of an indi-
vidual grain of garnet within the coticule layer. With
the exception of NN—2/c (thin, black coticule), most
individual grains of garnet have similar compositions
across the width of the coticule. In al cases, the Sps
content of host-rock garnet decreases away from the

TABLE 1. REPRESENTATIVE COMPOSITIONS OF GARNET CORE
IN COTICULES (c) AND HOST ROCKS (h)

NN- NN- 8- CS- CS- CS- CS- NM-
2/h 2/c 3/h 3ic 6/c 7h K/Y) S Vi
Cot. Thickness - 12cm 1.5em 6.3 cm 8cm -

Sample No.

36.53 3727 37.06 36.54 36.48
20.59 2047 20.46 2041 2031

Si0, wt.%
ALO,

36.89 36.92 36.60 36.71
2092 2049 2039 2061

FeO 2861 27.16 3625 3170 2754 2700 23.73 22.72 23.02
MnO 1123 1246 3.56 8.18 11.63 11.95 1494 1656 1576
MgO 234 252 224 233 266 262 264 192 161
Ca0 08 078 081 060 081 091 139 126 215
Total 100.81 100.33 99.85 100.13 99.76 100.22 10022 99.41 99.33
Si apfu 2916 2.918 2.983 2901 2.887 2945 2928 2383 2.883
Al 1949 1.909 1.898 1.920 1.917 1.906 1906 1901 1.891
Fe 1.890 1.795 2.395 2.095 1.820 1.784 1568 1.501 1521
Mn 0.752 0.834 0.238 0.547 0.778 0.800 1.000 1.108 1.055
Mg 0.276 0297 0264 0274 0313 0309 0311 0226 0.190
Ca 0.069 0.066 0.068 0051 0.068 0077 0.113 0,107 0.182
X, 0.873 0858 0.901 0.884 0.853 0.852 0834 0.869 0.889
Alm 0.633 0.600 0.808 0706 0.611 0601 0523 0510 0516
Prp 0.092 0.099 0080 0.092 0.105 0.104 0.104 0.077 0.064
Sps 0252 0.279 0080 0.184 0261 0269 0334 0377 0.358
Grs 0.023 0.022 0.023 0017 0.023 0.026 0039 0036 0.062

Formulae based on 12 atoms of oxygen. * Average of 4 analyses. Symbols: NN
Northwood Narrows, New Hampshire; CS Center Strafford, New Hampshire; NM
northern Maine (Calais). Analyzed at The GeoAnalytical Laboratory at Washington
State University, Pullman, Washington.
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coticule-host contact. Individual grains of garnet are
homogeneous at the scale of resolution of the electron
microprobe.

The compositional variations across individual lay-
ers of coticule are approximately symmetrical with re-
spect to bedding and may very well represent a
compositional gradient imposed on the layers by early
diagenesis and sedimentation. Diffusion during meta-
morphism may have modified the compositional gradi-
ent, but the extent of modification is unclear. Even
coticules of significant thickness metamorphosed under
granulite-facies conditions may retain compositional
gradients of sedimentary origin (Thomson, 1992).

Of those grains analyzed, the most manganiferousis
found in the samples of host rock and coticule from the
Megunticook Formation in Calais, Maine (NM-1).
Here, garnet in the host rock has a higher Mn content
(37.7% Sps) than in the coticule (35.7%), in contrast to
the observations made in the Perry Mountain Forma-
tion. Garnet in coticule from Calais, Maine also has a
higher Grs content than does garnet of the Perry Moun-
tain Formation (Table 1).

WHoLE-Rock GEOCHEMISTRY oF COTICULES
AND THEIR HosTs

Major-, trace-, and rare-earth element analyses were
done on selected samples of coticule and their host
rocks. Samples of coticulewere carefully separated from
their adjacent host-rocks by trim saw. Small chipswere
collected from each coticule and the host-rock immedi-
ately adjacent to it. Chips were ground on silicon car-
bide 240 grit to remove saw marks, and prepared for
XRF and ICP-MS analysis following the specific pro-
cedures outlined by each laboratory responsible for the
analyses. Concentrations of major elements (Si, Ti, Al,
Fe, Mn, Mg, Ca, Na, K, P) and additional trace elements
(Zr, Ga, Zn, Ni, Cr) were established at the Ronald B.
Gilmore X-Ray Fluorescence Laboratory at the Univer-
sity of Massachusetts, Amherst, by X-ray fluorescence
(XRF) spectrometry. Samples were analyzed for trace
elementsincluding the REE at the GeoAnalytical Labo-
ratory facilities at Washington State University, Pull-
man, by inductively coupled plasma — mass spectrom-
etry (ICP-MS). Representative results of the analyses
of coticules and their host rocks from this study are
givenin Tables 2-5.

Figure 7 illustrates the ratio of the concentration of
each oxide in coticules from the Perry Mountain For-
mation to the concentration in schistose host-rocks.
Sample CS-1 was excluded from the comparison be-
causeit is quartzite. Relative to the interbedded schists,
the Perry Mountain coticules have comparable SiO, and
Al;0O3. MgO and CaO are either slightly enriched or
slighly depleted relative to schists. As expected, the
Perry Mountain Formation coticules are depleted in
TiO,, NapO, and K0, and enriched in Fe;O3, MnO, and
P,Os, relative to the schistose host-rocks. Coticules in
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Fic. 6. Compositions of individual garnet cores across three coticules from the Perry Mountain Formation, ranging in width
from 1.2 to 8 cm. From top to bottom, the profiles pertain to the almandine, spessartine, pyrope and grossular components.

Symboals: c: coticule, h: host.

the Megunticook Formation are more difficult to deal
with owing to the difficulty in separating coticule from
host rock in samples collected from the Camden area.
These samples are characterized by thinly laminated and
intercalated coticule-host horizons. However, coticules
from Calais, Maine (NM-L/c) are enriched in Fe;0s3,
MnO, and CaO relative to the host rock (NM-1/h).

The differences in magjor-element composition are
reflected by differences in modal mineralogy of the
samples. Coticules are enriched in almandine—
spessartine garnet and quartz and depleted in micaceous
minerals, which would account for high iron and man-
ganese and low alkalis. High phosphorus concentrations
are a reflection of significant amounts of apatite in
coticules.

The REE profiles of the Perry Mountain (Fig. 8a)
and Megunticook Formation (Fig. 8b) coticulesrelative
to chondrites closely resemble those of coticulesinves-
tigated by Spry (1990). In general, they are light-REE
enriched, with concentrations between 10 and 100 times
those of chondrites, and lack a Ce anomaly. Most have
a negative Eu anomaly. But a closer examination of
Figure 8a reveals that the coticules from the Perry
Mountain Formation can be subdivided into five groups
depending on their REE profiles. Furthermore, the
groups correspond with the coticule types recognized
in the field and outlined above. Type-2 coticules (pink,

laterally extensive coticules of variable thickness) can
be subdivided into thin (to 2 cm; CS-1/c, CS-3/c, CS-
4/c and CC-1/c, CC-2b/c), intermediate (46 cm; CS—
2/c, CS-6/c), and thick (to 8 cm; CS-7/c) coticule. Note
that the REE patterns for thin pink coticules from Coos
Canyon, Mainediffer from those from Center Strafford,
New Hampshire. Rare-earth-element patterns of thein-
termediate-thickness pink coticules from Center
Strafford have higher light REE abundances than thin
pink coticules from the same location. Both are charac-
terized by a negative Eu anomaly. The thickest pink
coticule (CS-7/c) fromthislocality haseven lower light
REE abundances than the thin pink coticulesin thisre-
gion. Thin pink samples from Coos Canyon are charac-
terized by light REE abundances between those of the
thickest pink coticule and the intermediate-thickness
coticules in New Hampshire and a less-pronounced
negative Eu anomaly. Finally, type-3 coticules (dark-
colored, laterally extensive coticules to 2 cm; NN-2/c
and NN-3/c) are light-REE-enriched but lack any Eu
anomaly.

Coticulesfrom the Megunticook Formation are light-
REE-enriched and have a negative Eu anomaly. They
differ from the REE patterns of coticulesfrom the Perry
Mountain Formation in that they are characterized by a
very sight positive Ce anomaly.



1030

THE CANADIAN MINERALOGIST

TABLE 2. COMPOSITION OF COTICULES (c) AND HOST ROCKS (h),
NEW ENGLAND APPALACHIANS

Sample NN- NN- CS- C8- €S- €S- CS- Cs- CC- CC- CM- CM- NM-
No. 2/c 3 l/c 2 3/c 4l 6l Te /e 2b/c 3akc 4blc llc
Si0, wt.% 60.85 59.23 61.75 61.12 69.14 7045 6041 5748 5795 6223 57.02 59.22 51.01
TiO, 037 022 009 059 014 019 055 009 048 067 042 060 0.69
ALO, 13.63 13.75 1234 11.89 1036 1027 1224 13.72 1343 12.18 13.97 13.78 16.99
Fe,0, 1589 1671 18.02 17.13 1568 1520 17.10 16.64 19.79 17.52 9.89 11.74 15.57
MnO 588 689 544 589 310 224 627 900 309 273 1468 1040 9.37
MgO 162 174 141 150 1.04 106 161 182 246 209 258 247 218
Ca0 1.08 126 087 143 066 053 136 123 116 111 133 079 198
Na,0 099 063 033 014 023 021 022 033 027 075 019 0359 029
K0 030 017 011 014 028 057 014 005 118 077 026 048 116
P,0O; 037 052 030 075 028 020 068 035 024 025 020 027 030
Total 100.98 101.12 100.66 100.58 100.91 100.92 100.58 100.71 100.05 100.30 100.54 100.34 99.54
Sample NN- NN- CS8- €S- (€S- (€S- (CS8- (€S- CC- CC- CM- CM- NM-
No. 2h 3h Vh 2h 3h 4h 6h 7h 1h 2bh 3b/m 4am 1k
Si0, wt.% 59.00 6438 8991 na na 6313 na 7636 6895 5907 51.78 58.20 56.64
TiO, 1.03 104 056 na na 091 na 102 096 104 044 056 096
ALO, 2034 1750 383 na na 1734 na 1132 1465 21.20 1429 1384 1952
Fe,0,4 767 607 29 na na 11.03 na 437 670 904 1199 13.08 12.34
MnO 1.03 066 034 na na 075 na 1.19 0.19 023 1328 1003 133
MgO 197 18 064 na na 214 na 1.08 218 255 301 223 209
Ca0 143 142 018 na na 025 na 079 095 0388 3.00 072 1.03
Na,0 456 436 0.04 na na 044 na. 196 298 321 0.03 063 080
K0 267 212 079 na na 388 na 136 230 270 0.53 076 443
P,0; 0.14 0.16 009 na  na 0.13 na 005 004 006 125 0.14 034
Total 99.84 99.56 99.32 100.00 99.50 99.90 99.98 99.60 100.19 99.48

Total iron is reported as Fe,O;. m: mixed host and coticule (inseparable). The samples were analyzed at The
Ronald B. Gilmore X-ray Laboratory at the University of Massachusetts in Amherst. Symbols: NN: Northwood
Narrows, New Hampshire; CS: Center Strafford, New Hampshire; CC: Coos Canyon, Maine; CM: central
Maine (Camden); NM: northern Maine (Calais); n.a.: not analyzed.

Discussion

The major-element data may indicate the possible
protolith of these coticules. Bonatti (1975) delineated
three fields on a plot of weight percent SiO, versus
weight percent Al,Os3 to indicate whether the source
environment of coticulesishydrothermal, hydrogenous,
or pelagic. Spry (1990) noted that the data from within
asmall geologica region do not fall within just one of
the three fields delineated on Bonatti’s plot. Spry con-
cluded that the data from a specific region might repre-
sent a mixing line between hydrothermal and pelagic
sediment. Coticule data from this study as well as oth-
ersinthe New England Appalachians (Docka 1985) and
southern Appal achians (Wonder et al. 1988) are plotted
in Figure 9. The data of Wonder et al. (1988) may well
represent a mixing line between hydrothermal and pe-
lagic sediment. However, these data illustrate that
coticules associated with iron formation and sulfide
deposits are silica-poor compared to New England
coticules which are not associated with these kinds of

deposits. Most of Docka's (1985) data and the Perry
Mountain and Megunticook data (with the exception of
the Calais, Maine coticule NM—-1) from this study plot
primarily within the hydrogenous field. In fact, the
“mixing-lines’ drawn for the data established in this
study (Fig. 9) may not beindicative of mixing of differ-
ent sediment types at all. The SIO, versus Al,O3 ratio
for an individual coticule could just as easily represent
the modal proportion of garnet to quartz. For example,
the sample from Calais, Maine (NM—-1/c) consists of
nearly 80% garnet and 20% quartz. The relationship
between SIO, and Al,Oz alone is not conclusive con-
cerning the protolith of these garnet-rich rocks. Further-
more, coticulesin the Perry Mountain Formation cannot
be distinguished from those from the M egunticook For-
mation on a SIO, versus Al,O3 diagram. Perhaps the
REE data can tell us more.

Marchig et al. (1982) noted that chondrite-normal-
ized REE patterns of diagenetic metalliferous sediments,
deep-sea sediments and hydrothermal metalliferous
sediments exhibit distinct trends; they proposed that
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TABLE 3. TRACE-ELEMENT CONCENTRATIONS IN COTICULES (c),
NEW ENGLAND APPALACHIANS

Sample NN- NN- €S- €S- €S- C8- CS8- €S- CC- CC- CM- CM- NM-
No. 2/c 3¢ I/c 2/ 3/ 4/c 6 7l 1/c  2b/c 3alc 4blc  llc

Lappm 1561 11.59 8.16 3493 11.81 1445 27.02 485 1290 2298 3193 31.85 4446

Ce 30.80 24.09 17.37 7542 2480 29.50 59.83 11.24 2630 4534 82.38 8582 9193
Pr 336 271 207 780 268 317 627 139 290 490 69 683 9.01
Nd 13.18 10.58 9.05 32.73 11.00 12.51 26.76 6.64 12.02 19.18 28.51 27.20 35.98
Sm 290 252 297 897 303 316 725 274 431 502 724 674 866
Eu 094 090 060 159 073 074 136 053 126 143 140 145 179
Gd 359 3.00 427 1059 465 455 908 465 1016 727 806 7.16 8.06
Tb 081 069 1.00 192 114 104 167 111 216 154 147 137 136
Dy 6.05 546 7.12 11.77 890 7.74 1070 694 1298 997 902 865 789
Ho 139 128 151 227 205 178 217 117 236 197 179 172 162
Er 423 403 421 584 620 559 572 260 612 513 477 456 417
Tm 071 067 062 083 097 09 080 034 091 073 068 064 061
Yb 496 463 389 485 618 647 484 191 595 458 422 38 393
Lu 080 073 058 069 091 1.02 071 025 08 067 063 060 063
Ba 35 16 14 16 46 84 14 2 80 65 78 189 557
Th 316 177 139 552 217 318 414 013 435 819 585 724 981
Nb 7.17 399 280 2630 280 360 2671 287 756 825 1019 1757 1436
Y 43.11 39.60 45.04 6836 62.55 50.90 63.27 3847 73.00 5473 44.03 44.06 45.19
Hf 170 112 1.05 231 101 115 198 073 304 501 254 3.02 310
Ta 213 1.18 170 385 188 18 348 115 059 078 226 332 280
U 1.17 105 064 238 094 100 193 068 144 180 192 169 146
Pb 1470 11.04 270 153 331 445 165 641 313 719 141 734 744
Rb 208 127 59 61 80 299 94 75 752 621 144 152 615
Cs 234 145 045 042 027 191 106 067 918 708 18 044 421
Sr 81 52 18 14 17 17 12 10 11 46 9 21 46
Sc 234 199 234 295 280 348 302 176 284 246 209 220 239

Symbols: NN: Northwood Narrows, New Hampshire; CS: Center Strafford, New Hampshire; CC: Coos
Canyon, Maine; CM: central Maine (Camden); NM: northern Maine (Calais). The samples were analyzed at The
GeoAnalytical Laboratory at Washington State University, Pullman, Washington.
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Sio2 Tio2 Al203 Fe203 MnO MgO Ca0 Naz0 K20 P205

Oxide

Fic. 7. Host-normalized major-element composition of coticules from the Perry Moun-
tain Formation. Open circles: Northwood Narrows, open squares. Center Strafford,
closed circles: Coos Canyon.
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TABLE 4.
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TRACE-ELEMENT CONCENTRATIONS IN HOST ROCKS (h)

NEW ENGLAND APPALACHIANS

Sample NN- NN- €S- €S- CS- C8 €8 Cs- CC- CC- CM- CM- NM-
No. 2h 3/ h 2h 3h 4h 6h Th 1/h  2b/h 3b/m 4a/m 1/h
Lappm 50.04 5672 2962 na na 4634 na 4824 4457 4485 4132 4033 59.58
Ce 93.40 107.82 5887 na na 9305 na 9651 86.85 87.19119.56 105.17 123.45
Pr 982 1133 632 na na 964 na 1026 965 956 905 858 1226
Nd 36.62 4229 2477 na na 3771 na 3996 3762 37.68 39.17 3339 4833
Sm 707 827 536 na na 838 na 823 820 829 1043 775 1058
Eu 249 256 074 na na 160 na 153 192 208 238 135 232
Gd 605 675 420 na na 726 na 689 679 686 1188 801 992
Tb 1.15 113 059 na na 140 na 116 110 113 204 176 159
Dy 754 713 295 na na 947 na 752 643 652 1168 1278 939
Ho 161 146 056 na na 209 na 158 129 132 223 239 190
Er 450 402 150 na na 583 na 442 364 358 537 650 4384
Tm 0.74 060 023 na na 085 na 064 054 053 073 088 071
Yb 504 382 162 na na 509 na 390 340 336 417 513 427
Lu 08 062 028 na na 079 na 061 054 052 061 075 067
Ba 354 267 99 na  na 498 na 167 267 314 153 137 2278
Th 1343 13.77 810 na na 1198 na 1044 1337 1473 526 851 13.13
Nb 1571 13.64 848 na na 1842 na 1464 1841 19.15 924 1553 19.28
Y 4343 3693 1366 na na 5272 na 44.03 33.14 33.74 5576 68.48 52.82
Hf 423 410 552 na na 377 na 800 825 625 257 352 422
Ta 230 643 609 na na 287 na 244 136 140 525 281 240
19) 280 298 150 na na 258 na 249 332 314 195 182 182
Pb 6874 6862 518 na na 2036 na 2630 33.57 3548 3.51 1152 36.78
Rb 1486 1375 466 na na 1879 na 662 1377 1598 413 414 166.6
Cs 1243 1155 282 na na 1118 na 323 1465 1340 777 169 10.19
Sr 414 398 26 na. na 70 na 188 206 269 12 15 138
Sc 203 170 69 na na 231 na 176 166 244 176 323 206

m; mixed host and coticule (inseparable). Symbols: NN: Northwood Narrows, New Hampshire; CS: Center

Strafford, New Hampshire; CC: Coos Canyon, Maine;

CM: central Maine (Camden), NM: northern Maine

(Calais). The samples were analyzed at The GeoAnalytical Laboratory at Washington State University, Pullman,

Washington.

these differences can serve as geochemical disciminants
between hydrogenous and hydrothermal sediments. Fig-
ure 10 illustrates REE trends of typical seawater
(Elderfield & Greaves1983), the North American Shale
Composite (NASC) (Gromet et al. 1984, McLennan
1989), oceanic pelagic clays (Rankin & Glashby 1979),
manganese nodules (hydrogenous) (Hayneset al. 1986),
and hydrothermal sediments both near and far from ac-
tivevents (Ruhlin & Owen 1986). Hydrothermal metal-
liferous sediments are characterized by alarge negative
Ce anomaly that is greater in hydrothermal sediments
in the vicinity of the vent system. On the other hand,
diagenetic metalliferous sediments (manganese nodul es)
show a positive Ce anomaly and overall REE abun-
dances greater than those of hydrotherma metallifer-
ous sediments. In fact, it has been suggested that a
positive Ce anomaly isindicative of ahydrogenous ori-
gin, whereas pure hydrothermal sediments are charac-
terized by a negative Ce anomaly. The only very dight
positive Ce anomaly in the Megunticook Formation
samples is inconclusive. The general lack of a Ce
anomaly in the Perry Mountain Formation suggests that
these are neither hydrothermal nor hydrogenous. Fur-

TABLE 5. ADDITIONAL INFORMATION ON TRACE-ELEMENT
CONCENTRATIONS IN COTICULES (c) AND HOST ROCKS (h)
NEW ENGLAND APPALACHIANS

SampleNN- NN- CS- CS- CS- CS- CS- CS8- CC- CC- CM-NM-
No. 2k 3/ lec 2 3l 4k 6/c Tc 1llc 2blc 4blc llc
Zrppm 46 na. 46 84 34 39 71 25 117 187 110 116
Ga 6 na. 4 4 4 6 4 8 9 6 11 20
Zn 47 na 28 30 12 17 33 31 60 33 68 129
Ni 7 na 0 2 0 2 3 3 55 49 46 125
Cr 42 na. 17 60 26 34 61 28 351 72 91 90
A\ 85 na 69 8 40 45 82 S 87 50 116 158
SampleNN- NN- CS- CS- CS- CS- CS- C8- CC- CC- CM-NM-
No. 2h 3h Vh 2/h 3/h 4h 6h 7h Vh 2bh 4a/m 1/h
ZrppmlS8 151 243 na na 139 na 340 313 232 123 161
Ga 21 17 5 na na 26 na 14 16 26 13 25
Zn 123 116 38 na na 96 na 55 76 227 55 157
Ni 39 37 13 na na 22 na 31 46 52 17 118
Cr 104 91 34 na na 98 na 77 97 120 106 94
A\ 119 96 35 na na 165 na 114 109 146 120 136

m: mixed host and coticule (inseparable); n.a.: analyzed. Symbols: NN: Northwood
Narrows, New Hampshire; CS: Center Strafford, New Hampshire; CM: central
Maine (Camden), NM: northern Maine (Calais). The samples were analyzed at The
GeoAnalytical Laboratory at Washington State University, Pullman, Washington.
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Fic. 8. Chondrite-normalized REE data for coticules and average host-rock. (a) Perry
Mountain Formation. Short-dashed black lines are intermediate thickness coticules
(CS-6/c, CS-2/c). Long-dashed gray lines are thin pink coticules (CC-1/c, CC-2b/c).
Long-dashed black lines are thin black coticules (NN—2/c, NN-3/c). Solid gray lines
arethin pink coticules (CS-1/c, CS-3/c, CS-4/c). Solid black lineisathick pink coticule
(CSs-7/c). b) Megunticook Formation. Black line: NM-1/c. Gray lines:
CM-3alc, CM—4b/c. The chondrite data are taken from Boynton (1984).

thermore, hydrogenous sediments typically have REE
concentrations between 100 and 1000 times those of
chondrites, whereas the REE concentrations in hydro-
thermal sediments are between 20 and 100 times those
of chondrites. The data in Figure 10 suggest that the
coticules investigated here more closely resemble oce-
anic pelagic clays and the North America Shale Com-
posite than the range of concentrations illustrated for
hydrothermal or hydrogenous sediments on Figure 10.
In fact, the REE patterns of the coticules plot between
those of oceanic pelagic clays and typical seawater.

However, the lack of a clay component in the coticules
is rather curious and “perplexing”. Furthermore,
coticules of the Perry Mountain Formation cannot be
distinguished from coticules of the Megunticook For-
mation on a REE diagram.

Trace-element data may &l so be used to evaluate the
nature of the protolith of coticules of the Perry Moun-
tain and Megunticook formations. Marchig et al. (1982)
discussed various geochemical indicators as discrimi-
nants between hydrogenous (diagenetic) and hydrother-
mal sediments. Both deep-sea sediments and diagenetic
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sediments may contain chromium derived from conti-
nental detritus. If the chromium is derived from conti-
nental detritus, then it should show apositive correlation
with other elements presumed to be derived from conti-
nental detrital material, such as Ti, Mg, K, Rb, and Zr.
On the other hand, Cr is more mobile in hydrothermal
metalliferous sediments and may not be correlated with
these terrigenous components.

The Cr data acquired in this study show a statisti-
caly significant correlation with the terrigenous com-
ponent Zr (Fig. 11), at least in the Perry Mountain
samples. Similar trends are obtained for plots of Cr ver-
sus Mg, K, Rb, and Ti. However, the trend of the Zr
data, compared to that of Marchig et al. (1982), sug-
gests that the coticules studied here are neither purely
hydrogenous nor purely hydrothermal, and perhapshave
another origin. Other geochemical indicators presented
by Marchig et al. (1982), including weight % P,Os ver-
sus Sc, Y, and La, are inconclusive owing to the small
number of samples. Oneinteresting conclusion fromthe
datain Figure 11 isthat the Coos Canyon coticules seem
to have a greater continental component than Perry
Mountain coticules in the Rochester area. This could
very well be a reflection of the closeness of the Coos
Canyon area to the basin edge (proximal), compared to
the Rochester area (distal).

In summary, the major-element data acquired in this
study hint at a hydrogenous origin, though the conclu-
sion is not definitive. The REE data suggest that the

coticules are more similar to oceanic pelagic sediment,
North American Shale Composite, and typical seawa-
ter, but to suggest a possible protolith isdifficult at best.
Perhaps more importantly, the data demonstrate that
none of the coticules of this study formed by hydrother-
mal processes.

Coticulesfrom both the Perry Mountain and Megun-
ticook formations were collected from siteswithin each
formation that are considered to be stratigraphic equiva-
lents. The intention was to see if coticule geochemistry
within aspecific formation could be used to confirm the
stratigraphic correlation. It is clear that coticule
geochemistry does not appear to be unique to a particu-
lar formation and may, in fact, be variable within afor-
mation and perhaps within an individual coticule
horizon. Clearly, the geochemistry of coticules is use-
ful in evaluating sedimentary protoliths. However, a
similar composition does not necessarily indicate strati-
graphic correlation, and adifferent composition does not
necessarily preclude stratigraphic correlation. Used by
itself, the composition of coticules does not seem to be
an effective tool for short- or long-range stratigraphic
correlation.
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tion of thin sections. Whole-rock, major, and trace-
element analyses were conducted at the University of
Massachusetts with the assistance of Peter Dawson.
Analyses by inductively coupled plasma — mass spec-
trometry for trace- and rare-earth elements and el ectron-
microprobe analyses were conducted at the WSU
GeoAnalytical Laboratorieswith the assistance of Diane
Johnson, Charles Knaack and Scott Cornelius. Samples
from Coos Canyon, Maine were collected by Charles
V. Guidotti in the summer of 1998. Reviews by Henry
Berry, IV and Peter Thompson greatly improved the
manuscript.
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