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ABSTRACT

The petrogenesis of kimberlite from Taughannock Creek, near
Ithaca, New York, can be separated into three distinct stages. Stage
1 comprises the evolution of kimberlitic melt within the upper
mantle. Fractionation of olivine, Cr-pyrope, Cr-diopside, enstatite,
and Cr-Al-spinel occurred over the temperature interval 950-1350° C
in the depth range from 95 km to within the spinel stability field
(< 70 km). Spinel peridotite xenoliths were incorporated during this

stage. Picroilmenite is absent as a megacryst phase. The geothermo-

barometric estimates indicate that fractionation within this kimberlite

occurred above the low velocity zone, significantly shallower than the
typical kimberlite source region. This shallow origin may account
for the paucity of picroilmenite, a ubiquitous phase in deeper
kimberlites. During its passage through the shallow upper mantle or
Tower crust (Stage 2) the kimberlite disrupted an eclogitic body
incorporating xenocrysts of Cr-poor diopside, almandine, and
mineralogically similar eclogite xenoliths. Back-reaction with the
more primitive kimberlitic melt produced reverse zoned rims on some
xenocrysts. The typical kimberlitic paragenetic sequence Cr-spinel -
Ti-magnetite - perovskite is present in the groundmass oxides,
reflecting Cr-depletion and Ti-, Fe3*-, and Ca-enrichment during the
kimberlite's later stages of development. The passive, near surface
emplacement (Stage 3) of the kimberlite as narrow dikes along North-
South joint planes is probably a function of rift-related tectonic

activity associated with the opening of the proto-North Atlantic Ocean
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CHAPTER 1

INTRODUCTION

Kimberlites are rare ultramafic rocks that contain significant
quantities of mantle-derived minerals. These minerals are important
because they provide data pertinent to the understanding of the
physiochemical properties of the upper mantle (e.g., Boyd and Nixon,
1975; MacGregor, 1979; Eggler et al., 1979; Ehrenburg and Griffin,
1979). Additionally, petrographic and chemical analyses of the
minerals and rock assemblages contained in a kimberlite permit the
reconstruction of its petrologic evolution. In order to understand
this petrogenesis, it is necessary to evaluate all of a kimberlite's
features, including evidence for fractionation and assimilation, the
nature and origin of various crustal xenoliths, and even the implica-
tions of the tectonic regime permitting its birth.

Although a strict definition of the characteristics of kimber-
Titic rocks has not been universally agreed upon, there is a consensus
among workers regarding the identity of the more salient features of
these rocks (e.g., Skinner and Clement, 1979; Dawson, 1980; Pasteris,
1981). Kimberlites have been described as porphyritic rocks comprising

a modal predominance of olivine, plus several of the following phases:

calcite, serpentine, phlogopite, perovskite, picroilmenite, Mg-garnet,
Cr-diopside, and monticellite. Additionally, it is recognized that
many of these phases, occurring as megacrysts and in ultramafic
xenoliths, yield estimates of pressure and temperature of equilibration

which correspond to depths ranging from 80 to 200 km -- an origin within



the Tow velocity zone of the mantle. The chemistry and textures of
oxide minerals in kimberlite characteristically reflect late-stage
increases in Ca and Ti activities (e.g., Haggerty et al., 1979;
Pasteris, 1981; Agee et al., 1982). Kimberlites are most commonly
emplaced as diatremes, or as dikes and sills (Dawson, 1967).

Kimberlites are sparsely distributed throughout the eastern
United States, generally following a trend that parallels the
Appalachian Plateau from Tennessee to New York (Meyer, 1976). These
small intrusives range in age from Permian to Jurassic (Zartmann et
al., 1967; Pimentel et al., 1975). Recent work in this region includes
research conducted on kimberlite occurrences in Kentucky (e.g.,
Garrison and Taylor, 1980; Agee et al., 1982), Pennsylvania (Kissling,
et al., 1981; Hunter and Taylor, 1982a; 1982b) and New York (Foster,
1970; Snedden and Kay, 1981a; 1981b; Jackson et al., 1982a; 1982b).

Over eighty occurrences of hypabyssal-facies kimberlite are
exposed in the Finger Lake region of New York State (Foster, 1970).
The Central New York kimberlites were first noted by Vanauxem (1837).
Subsequent research consisted mainly of general physiographic and
petrographic descriptions, which classified the intrusives variously
as mica peridotite, alnoite, and kimberlite (Kemp, 1891; Matson, 1905;
Barnett, 1905; Martens, 1924; Maynard and Polger, 1946). Foster (1970)
focused research on the general mineralogy and mode of emplacement of
dikes from several New York localities. A K-Ar date of 145% 7 million
years was determined for one Central New York kimberlite by Zartmann
et al. (1967). Basu and Rubury (1980) have discussed the tectonic

significance of the kimberlite occurrences of this region. Most



recently, Snedden and Kay (1981) conducted geochemical studies on
three New York kimberlites, one of which was the Taughannock Creek
occurrence.

The ten dikes occurring in Taughannock Creek near the west
shore of Lake Cayuga (Figure 1) are the subject of the present study.
The Taughannock Creek dikes are distributed over a 1 km interval
(Figure 2). They are oriented generally parallel to the regional joint
system that trends North-South (Foster, 1970). This orientation is
typical of kimberlite dikes in the Central New York area. The Taughan-
nock Creek dikes, ranging in width from 3 to 20 cm, intrude flat-lying,
Devonian shales and exhibit three modes of occurrence: (1) massive
intrusions that are strictly confined to joint planes; (2) intrusions
that essentially follow jointing, but lack massive structure; these
dikes contain shale xenoliths that have spalled off the surrounding
country rock; (3) least commonly, highly brecciated dikes that diverge
from joint patterns and contain numerous shale clasts; these intru-
sions may be anastomozed and frequently display 1imited lateral
injection into the country rock. The kimberlite, brownish-green in
color, is tough, well-indurated rock, unlike the unconsolidated soils
typical of many kimberlites in which weathering is more advanced
(e.g., the Norris, Tennessee intrusion). Despite extensive serpen-
tinization, several dikes contain unaltered, primary phases. The
petrography and chemistry of these minerals record changes in
physiochemical conditions within the magmatic environment. The present
study presents detailed petrographic and chemical analyses of these
mineral constituents and synthesizes these data into a model for the

petrogenetic history of the Taughannock Creek kimberiite.



Figure 1. Location map of Taughannock Creek, New York.
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Figure 2. Detail map of Taughannock Creek showing areal distribution -
of kimberlite dikes.
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Methods

Samples were collected from the eight widest dikes in Taughannock

Creek (nos. 1, 3, 4, 5, 6, 7, 8, 10; Figure 2). These samples were
serially slabbed and examined under a binocular microscope, after
which 110 polished thin sections and 5 probe mounts were produced.
Petrographic analyses employed both transmitted and reflected Tight
techniques.

Chemical analyses of minerals were performed on an automated
MAC 400S electron microprobe utilizing the correction procedures of
Bence and Albee (1968) and the data of Albee and Ray (1970). Analyses
were conducted using both natural and synthetic standards. An excita-
tion potential of 15 KeV was used throughout the analyses. Depending
on the nature of the sample material, the beam current was set at
0.04 to 0.05 microamps and the beam diameter was focused to 1 to 3
microns. Whenever grain size permitted, 3 to 10 analyses were
conducted on each grain and an average and 10 standard deviation
were computed. Traverses from core to rim were made on clinopyroxenes,
garnets, spinels, and phlogopites. Fe3* content in oxides was cal-

culated on the basis of stoichiometry.



CHAPTER II

PETROGRAPHY

The Taughannock Creek kimberlite contains megacrysts (relative
abundances: serpentinized olivine >>phlogopite > garnet > clino-
pyroxene > spinel > enstatite) and mantle and crustal xenoliths set
in a groundmass consisting of serpentinized olivine, phlogopite,
euhedral spinels, carbonate, and various hydrous silicates (e.g.
chlorite). The term "megacryst", texturally synonymous with "pheno-
cryst" and "xenocryst", avoids the genetic connotations implicit in
these latter terms. In this study, all crystals larger than ground-
mass size ( >0.02 cm) are referred to as megacrysts.

Typically, these rocks exhibit flow alignment of groundmass
phlogopites and a heterogeneous distribution of porphyritic phases;
these textures are typical of hypabyssal-facies kimberlites (e.g.,
Dawson and Hawthorne, 1970). Other textures in these dikes which are
formed during kimberlite dike emplacement include well-developed
rounding of megacrysts and xenoliths (indicative of fluidization and
rapid, forceful ascension) and kinking and shearing of megacryst
phlogopite laths (compression textures).

Although Foster (1970) reported the occurrence of unaltered
olivine in a portion of Dike 10 in Taughannock Creek, the present
study has revealed no preserved olivine in any of the dikes sampled.
Alteration of olivine to serpentine, phlogopite, and calcite is
pervasive. The serpentine pseudomorphs indicate that olivine was

present as rounded to euhedral megacrysts (0.02 - 1.2 c¢m in diameter)
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which contain secondary magnetite associated with serpentinization.
In addition, serpentinized olivine is present in spinel peridotite
xenoliths.

Garnet occurs as rounded megacrysts (0.05 - 1.2 c¢m in size;
Figure 3a) and as intergrowths in eclogite nodules and clinopyroxene
megacrysts. In hand sample, garnet megacrysts can be distinguished
on the basis of color: pyrope appears reddish-purple; almandine is
pink-orange. Both types are surrounded by kelyphitic reaction rims
comprising intergrowths of hydrous silicates and spinels (Figure 3a).
Along fractures within garnets, phlogopite with inclusions of Cr-
spinel is present. Some garnet megacrysts host rounded inclusions
of enstatite and diopside, 50 - 100 um in size (Figure 3b). Addi-
tionally, garnet occurs as both elongate and granular inclusions (200 -
300 pm wide) in clinopyroxene megacrysts. Some of these inclusions
appear to have been partially replaced by plagioclase. These textures
are similar to those reported in eclogite from the Roberts Victor
kimberlite in South Africa (Harte and Gurney, 1975). A description of
nodular intergrowths of garnet and clinopyroxene is included in the
discussion on xenoliths (see below).

Both clino- and orthopyroxene are present. Clinopyroxene

occurs as rounded megacrysts (0.04 - 0.8 cm in size) (Figure 4), as
constituents of eclogite and spinel peridotite xenoliths, and as
inclusions in garnet megacrysts. Some of the clinopyroxene megacrysts
exhibit fretted margins surrounded by intergrowths of phlogopite. A
few megacysts possess thin rims, up to 100 um wide, optically dis-

continuous with the core. Inclusions of rutile rodlets (50 ym in size)



Figure 3.

Transmitted-Tight photomicrographs of garnet megacrysts.
Scale bar = 500 pym.

a.

b.

Megacryst mantled by kelyphitic rim.

Garnet megacryst hosting inclusions of clinopyroxene
(cpx) and orthopyroxene (opx).
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Figure 3.
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Figure 4. Transmitted-light photomicrograph of clinopyroxene. Scale
bar = 500 pm.



Figure 4.
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have been observed in some megacrysts. Occurrences of orthopyroxene

are limited to a few partially altered megacrysts (0.08 - 0.2 cm in
diameter) and to rare inclusions in garnet and serpentinized olivine.
Alteration to serpentine and other hydrous silicates is well advanced,
especially along margins, fractures and cleavages. Reaction rims, if
present originally, have been obscured or obliterated by alteration
products.

Phlogopite is present as rounded crystals (up to 0.12 cm in
size), smaller, euhedral groundmass grains (Figure 5), and as a
reaction product forming mantles on some clinopyroxene megacrysts and
kelyphitic rims on surrounding garnets. Many of the larger crystals
exhibit optical zonation. Spinel inclusions have been observed in
the outer margins of these large grains and in the cores of some
groundmass crystals. Phlogopites typically show chlorite alteration
along grain margins and fractures.

Several types of oxide minerals are present, of which spinels
represent the most abundant. Spinel megacrysts are typically ovoid,
translucent, and reddish-brown in color, although a green variety is
also present (Figure 6). Megacrysts may exhibit one or both of the
following reaction rims: (1) pale-blue, Cr-spinel; (2) brown, Ti-
magnetite (rim widths average 60 - 100 pm). If both rims are present
on a single megacryst, the paragenetic sequence of Cr-spinel followed
by Ti-magnetite is observed. Cr-spinel and Ti-magnetite are present
also as small (15 - 50 um) euhedral grains in the groundmass.
Although both minerals occur as discrete grains, they can be associated

in the form of a Cr-spinel core surrounded by a discrete Ti-magnetite
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Figure 5. Transmitted-1ight photomicrograph of phlogopite laths
oriented in a trachytic-like texture. Note kinking and
shredding of laths. Scale bar = 500 um.



Figure 5.
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Figure 6.

Transmitted-light photomicrographs of spinel megacrysts.
Scale bar = 250 um.

a. Green spinel rimmed by phlogopite.

b. Brown spinel rimmed by Ti-magnetite.

18



Figure 6.
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rim (Figure 7a); skeletal or atoll morphologies are exhibited by

many of the grains (Figure 7b). Perovskite is disseminated throughout
the groundmass as discrete anhedra (10 - 40 um) and also occurs as a
reaction product rimming Ti-magnetite. Both of these textural types
commonly occur as aggregates of microcrystalline grains. Rutile

occurs as rounded groundmass grains (10 - 30 um), as acicular inclusions
in clinopyroxene megacrysts, and as an accessory in eclogite. Rare
ilmenite grains (up to 50 um in size) occur in association with Cr-spinel.

Sulfides (pyrrhotite, chalcopyrite, and pentlandite) occur
throughout the groundmass as small (10 - 20 um), subhedral grains.

They are also present as large blebs (30 - 40 um) in some serpentinized
olivine megacrysts.

Calcite occurs as the most abundant matrix constituent and, in
some dikes, is the modally predominant mineral. Although it is
generally disseminated throughout the matrix as minute crystals;
irregular-shaped, aggregate concentrations of calcite have been noted
in some samples. Calcite also occurs as an accessory mineral in
serpentinized olivine megacrysts and forms rims (50 - 100 um wide)
around shale xenoliths.

Three types of xenoliths are present: (1) shale clasts; (2)

eclogite nodules (Figure 8a); (3) spinel peridotite nodules (Figure 8b).

The shale xenoliths are highly brecciated and are irregular in form.
They typically are elongate (up to 6 cm long and 4 cm wide) and are
most abundant near dike - country rock contacts. Some clasts are
mantled by calcite and transected by calcite veinlets. Except for a
darkened color around margins of some clasts, little effects of thermal

alteration have been observed.



Figure 7.

Transmitted-light photomicrographs of groundmass spinels.
Scale bar = 30 um.

a.

Cr-spinel (cr) rimmed by Ti-magnetite (tmt). Perov-
skite (pk) mantles Ti-magnetite.

Cr-spinel {cr) mantled by Ti-magnetite (tmt).
Perovskite (pk) forms reaction rim on Ti-magnetite.
Note skeletal morphology.



Figure 7.
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Figure 8. Transmitted-light photomicrographs of ultramafic xenoliths.
Scale bar = 500 um.

da.

Eclogite nodule comprising intergrowths of clinopryoxene
(cpx) and garnet (gt). Plagioclase (pl) is present
as an accessory.

Spinel peridotite nodule consisting of serpentinized
olivine (s ol), brown, Cr-Al spinel (sp), and clino-
pyroxene {cpx).







Eclogite xenoliths occur as irregular-shaped, rounded nodules

up to 1 cm in diameter. The nodules consist of graphic intergrowths
(up to 0.10 cm wide) of garnet and clinopyroxene. Grain boundaries
between these phases are sharp and well-defined, exhibiting no
evidence of alteration. The clinopyroxene is distinctly green in
color and displays faint pleochroism. Garnet in eclogite lacks
kelyphitic alteration along grain boundaries within xenoliths; however,
some kelyphitic rims have developed around the external margins of
garnets in contact with the groundmass. Minor amounts of plagioclase
occur in two textural forms: (1) as interstitial material (up to
0.10 cm in size) between clinopyroxene and garnet; (2) as rounded
inclusions (0.02 - 0.06 cm in size) within clinopyroxene. Rutile is
present as acicular inclusions in clinopyroxenes and as interstitial
inclusions between garnet and clinopyroxene.

Spinel peridotite xenoliths, up to 1.5 cm in size, also occur
as rounded, irregular-shaped nodules. These xenoliths consist
primarily of serpentinized olivine with lesser amounts of clino-
pyroxene, translucent, brown spinel, and entirely serpentinized
orthopyroxene. Clinopyroxene and altered orthopyroxene are present
interstitially to serpentinized olivine. Spinel occurs as elongate
inclusions (0.05 - 0.10 cm long) in serpentized olivine; these

spinels are optically similar to spinel megacrysts.



CHAPTER III

MINERAL CHEMISTRY

On the basis of Cr-contents, garnets and clinopyroxenes can be
divided into two populations: Group I (Cr-rich), or Group II (Cr-poor);
the maximum Cr-contents in both of these groups is less than those
which typically define Cr-rich and Cr-poor megacryst suites observed
from other kimberlites (e.g., Colorado/Wyoming, Egqgler et al., 1979).
Representative analyses of Group I and Group II garnets and clino-

pyroxenes are presented in Tables 1 and 2.

Group I. Group I garnets are distinguished by a range of
Cr203 contents (0.20 - 3.97%) and restricted mg (0.75 - 0.84);
clinopyroxenes contain 0.76 to 1.47% Cry04 and possess mg values
ranging from 0.91 to 0.95 (Figure 9.). <Clinopyroxenes occurring in
spinel peridotite xenoliths fall within this compositional range.
Enstatite compositions (Table 3) also possess restricted mg (0.90 -
0.92) and a high range of Cr-contents (0.26 - 0.63% Cry03).

Figure 10 shows the compositional relationships between
enstatite and Group I garnets and clinopyroxenes; tie T1ines connecting
these fields are typical for kimberlite mineral relationships. The
evidence that these three phases are cogenetic rests in the high Cr,04
and high mg common to this suite, and in petrographic evidence in the
form of enstatite and diopside inclusions within pyrope.

Spinel megacrysts, the fourth Group I component, contain less

than 0.2% Ti0p and variable Cr/Cr + Al (0.01 - 0.79), thus distinguishing
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Figure 9. Cr203 (wt. %) vs. Mg/Mg + Fe2* for garnets and clinopyroxenes
in the Taughannock Creek kimberlite.
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Figure 10.

Ternary plot of atomic Ca-Mg-Fe for Group I garnets,
clinopyroxenes and orthopyroxenes. Outlined fields
represent Cr-rich compositions of minerals from Colorado/

Wyoming kimberlites (Eggler, 1979).
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them significantly from the groundmass spinels (Figure 11). Spinels

in peridotite xenoliths also fall within the compositional range of the
megacrysts (Table 4). These compositions are similar to those reported
from megacrysts, as well as from spinel peridotite constituents from
the upper mantle (e.g., Clarke and Mitchell, 1975; Boyd and Nixon,
1975; Smith and Dawson, 1975).

Group I garnets and clinopyroxenes have mg and Cr,04 values
similar to those reported from the Monastery kimberlite (Gurney et al.,
1979) and the Cr-poor suite of the Colorado/Wyoming kimberlites (e.qg.,
Eggler et al., 1979). In addition, the Group I megacrysts fall within
the compositional range of megacrysts reported from other eastern
United States occurrences (e.g., Garrison and Taylor, 1980), and are
similar to those phases occurring in a Cr-bearing, garnet peridotite

suite reported from Michigan (e.g., McGee and Hearn, 1982).

Group IT. In comparison with the Group I assemblage, Group II
minerals possess lower Crp03valuesand exhibit a wider variation in mg
(garnets, < 0.04% Crp03: mg = 0.38 - 0.62; clinopyroxene, < 0.32%
Cry03: mg = 0.66 - 0.97). Compositional relationships between garnets
and clinopyroxanes of this Group are shown in Figure 12. These
phases, occurring in various textural intergrowths (nodular eclogite
and garnet inclusions in clinopyroxene megacrysts), have compositions

indistinguishable from those phases occurring as Group II megacrysts.

This identity of chemical compositions implies a cogenetic relationship.
Compositionally, these phases resemble eclogite assemblages reported
from other kimberlite occurrences (e.g., Griffin et al., 1979; Snedden

and Kay, 1981b; Schulze and Helmstaedt, 1978). Variability of minor



Figure 11. Spinel compositions plotted in 2Ti-Cr-Al ternary.
Relationship to spinel prism is shown in inset. Tie
Tines indicate core-rim relationships.
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Figure 12.

Ternary plot of atomic Ca-Mg-Fe for Group II garnets and
clinopyroxenes. Tie lines connect coexisting phases in
eclogite.
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components with mg show correlations that are interpreted to result
from crystal fractionation within this group: Na,0, A1203,and TiOZ
increase with increasing mg (Figure 13). In general, megacrysts in
this suite Tack chemical zonation; however, reverse core-rim zonation
has been observed in a number of clinopyroxene megacrysts. Depletion
in Ti0, and Nap0, and enrichment in Mg0 and Cr203 in the rims,
suggests re-equilibration via the introduction of a more primitive

magma into the Group II environment.

Groundmass Oxides. Representative groundmass oxide analyses

are shown in Table 5. The groundmass spinels as a group possess a
continuum of compositions from Cr-spinel (46.46% Cry03, 1.99% Ti0))
to Ti-magnetite (0.41% Cr,03, 16.75% Ti0,). The progressive Ti-
enrichment exhibited by these spinel compositions is characteristic
of late-stage chemical trends within spinels occurring in kimberlite
(e.g., Haggerty, 1976). The epitaxial rims occurring on spinel
megacrysts correlate with various groundmass compositions. Rare
groundmass ilmenite contains 10 to 12% Mg0 and 1.40 to 1.80% Cry043
these are similar to typical groundmass ilmenites in kimberlites
(e.g., Pasteris, 1980). Perovskite analyses indicate the presence
of minor amounts of FeO, Cry03, and Al,03. Semi-quantitative energy
dispersive techniques indicate that Nb and REE's are also present;
perovskite in kimberlite can contain up to 10 wt. % REE's (Boctor
and Meyer, 1970; Boctor and Boyd, 1980).

Representative phlogopite analyses are presented in Table 6.
Compositional ranges are-as follows: 21.36 - 24.08% Mg0; 0.07 - 1.71%
Cr203; 0.75 - 4.64% Ti0,; 12.47 - 14.80% Al1,05. These compositions are



Figure 13. Wt. % Ti0p, Al,03 and Nay0 vs. Mg/Mg + Fe?* for Group II
clinopyroxenes. Tie lines connect core-rim analyses.

41



3 GROUP 11 CLINOPYROXENES

« xenocryst core ¢
o xenocryst rim
o} [* eclogite o®
°N °
[ * ¥x
3% °
. ] - *
; [ ] ¢ OK: X J w
L4 ..* PS
(4 S o
u_‘.. o A o
1.0 20 .80 70
15 (
[ ]
[ ]
1o} *
)
(—)
N ®
- * o
i 5t . ..t
Y °
[ ]
. e 4 '
1.0 .90 .80 .70
3r
*
. ®
2t °

wt. % "820
o« °

»e

°

° .:

Figure 13.

42



43

©$33Y pue qN JO aduasaad a3yl 03 SNp |BI0I MOT  yywy *pazAjeue 10U ="B°U yyx
*Adjswoiys101s Bujwnsse pale|nd(ed S§ B4 1094 SE pAUIWIdISP St BJ [IY wx "PIID
s31un 1ses| jO swid} u| sosAjeue 91ed1(dad Jo UOIIRIAGP pdepuels duo Judsauadas () ul sItup k¢

666" 1 000°Z  000°€ 000" € 000" € 000°€  000°€ 000" € 3
1£6°0 --- --- --- --- --- --- --- e)
--n 110’0 610°0 9100 S10°0 600°0  L10°0 800°0 U
920°0 ZIS°0  9£8°0 488°0 8LL°0 £ON°0  289°0 Lsh°o +2°d
--- £6£°0 085°0 L15°0 8Eh" 0 999°0 659570 €19°0 bu
--- 9£1°0 €460 166°0 697" 1 061°0  £z0°1 €20 +£°4
400°0 820°0  0l0°0 £00°0 ghl"0 sl 6£2°0 7621 19
$00°0 010°0  zgl'o 64170 4L 0 0/5°0  4E€T'0 0£E°0 v
€66°0 016°0  0Eq'0 HoY 0 81Z°0 550°0  94ZT'0 £90°0 L
(€) (€) () () (1) () () () w1309
«««<~¢.Nm 22°001 6L°66 95°66 €8°66 8.° 86 10°66 69°66 telol
(Z) 6°8¢ ‘e‘u ‘e'u ce‘u ‘e*u *e*u ‘e‘u ceu oe)
ety (1)19°0 1970 (7)s9°0 iy'0 (€)ono 0L'0 (€£)ego OuN
(6)9¢"° 1 (9) %92 €62 (S) 9°0¢ y°9z  (2) L°Sl Lez (S) #°91 0°4
e &Y (€) 711 YLl (1) oot 87°8 (1) g€l 60l (1) szt 06w
8L L"9€ 3 8Ly 68°L 9°6¢ 18°6  yxt0%o4
(m)wz-o (L)ss"1 149°0 (r)1t-o s (€) Z'un 18°8 (1) 9°64 €029
(1)zz'o (1)9¢°0 1S4 (z)on" 4 He'g (1) 1°st 6L°S (6)05°8 €0l
(€) L9585 (ol) 125 8°9l (2) s°st £2°8 (s)e6z°¢ 15°6 «Aomvmm.w ~o_h
a31)sAocdad  a31uauw| | Jw-14 Jw-1) wid amuuumhoo ds-a) ds-u)

*s9pIX0 ssewpunodb jJo sasAjeue 2qoadosdiw UOJIIDD|D DAIIEIUISIIAIY G d|qey




44

Sjjun 3sea| Jo swld) ul sasAjeue 33ed>1|dsl JO UOIIRIASP plepuels Juo Juasaddas ( ) up sIjun [y

*po12939p 30U = ‘pru
‘pa3lo

%

0LL°S1 94151 09851 918°51 S16°Sl1 3
808" | 89L° 1 9n8" 1 0L 1 £84° 1 N
L6070 010 9/0°0 L0z°0 851°0 eN

--- -—- --- --- 490°0 e)

800°0 £10°0 800°0 #00°0 800°0 uw

$85°0 £65°0 %09°0 625°0 045°0 a4
0SL° 4 648" 4 9LLs 966" 4 s 6w

g/1°0 1£1°0 £90°0 gLL"0 LL0°0 43

125°¢ 005°7 e o4 T 15¢°¢ v

£L£°0 95¢°0 £60°0 761°0 180°0 1L

0s%° S qo4° S 488° 9 199°S 0£L° 9 1S
suabAxo gz 40O Ssiseq 3yl uo suojie)

79" H6 10°56 1S 16 96° €6 £6°26 1e310)
(z)0g8°6 (82)09°6 (1) 1ol (9)52°6 (91)85°6 0%y
(7)9c°0 (€)9¢°0 (€)gz 0 (nL)nl-0 (7)L5°0 o%en

‘pru ‘pru ‘pru L.'pru (z1)tn o 0e3
(€£)60°0 (nzt-o (€)ol°o (1)4ho° 0 (9)80°0 ouw
(6)(8°4 (81)€6° 4 (8)s0°9 (12) 197y (9)s4°4 034
($) 022 (€) 62z (1) 1 42 (z) z° €z ($) s°¢€2 06w
(21)95° 1 ()Lt (9)19°0 (z1)L0° 1 (£)L9°0 €429
(2) 8 nl (1) L w1 (€1) s°21 () Tt (1) L°€1 0%y
(2)9n°¢ (L)6z € (£)06 0 (5)z8° 1 (1)sL°0 Son1
() L°LE () 8" L€ (€) 6704 (L) z°6¢ L(6) z6¢ o1
ssewpunolb E_L 9402 E_L 2400

P 1sAao0uax 1sAJo0uax

*231doboyd jo sosAjeue aqoisdosdjw uod3da|® oA)3IRIUSSIIdaY ‘9 ajqe]




similar to those reported for phlogopite in kimberlite from Elliot

Co., Kentucky (Garrison and Taylor, 1980) and Fayette Co., Pennsyl-
vania (Hunter and Taylor, 1982b). They generally fall within the
Type II kimberlite groundmass phlogopites of Smith et al., 1978.
The larger phlogopite crystals are zoned from core to rim, with the
rims showing increases in Cry04, Ti0y, and A1203, and a decrease
in Mg0; these rims exhibit compositional similarities with smaller
(groundmass) phlogopites.

Mg0 contents in calcite range up to 0.42%; Fe0 ranges from
0.03 to 0.12%. These compositions are similar to those reported for

calcite in kimberlite from South Africa (Smith et al., 1978).



CHAPTER IV

GEOTHERMOMETRY AND GEOBAROMETRY

Estimations of temperatures and pressures of equilibration of
various mineral assemblages in these rocks rely on an evaluation
and use of several different thermometers and barometers. The co-
existence of a Ca-rich and Ca-poor pyroxene in the Group I suite
permits the use of the experimentally determined diospide-enstatite
solvus of Lindsley and Dixon (1976), the calculated soivus of Lindsley
et al. (1981) and Lindsley (1980), and the empirical enstatite solvus
of Boyd and Nixon (1973). Temperatures can also be calculated from
Mg/ Fe exchange between clinopyroxene and garnet using the equation
in Gurney et al. (1979) fitted to the data of Akella and Boyd (1974);
these data (Akella and Boyd, 1974) also enable the estimation of
equilibration temperatures within the Group II eclogite assemblage.

Temperature estimates from Group I clinopyroxenes range from
950 - 1350° C (Table 7). These values were obtained using the 20 kb
solvus of Lindsley and Dixon (1980) and the 30 kb solvus of Lindsley

(1980). No appreciable differences were observed in the lower

temperature range because the diopside 1imb is steep at both pressures.

However, at higher temperatures a disparity of up to 50° C occurs,
with the 30 kb solvus giving the higher values. Temperatures
determined for the orthopyroxenes from the empirical Boyd and Nixon
(1973) solvus range from 950 - 1110° C. Because the solubility of
enstatite in clinopyroxene is reduced by increased amounts of A1203,

unreliably Tow temperatures may result if the calculations are based



Table 7. Summary of geothermobarometric estimates.
(1) (2) (3) (&) (5)
TDi-En TDi-En TDi-En TcPx-ga PA1203
cpx cpx cpx opx
(°c) (°c) (°c) (°c) (kb)
Group | 950~ 950~ 950~ 25-31
megacrysts 1300 1350 1110
Group | 950 950 950 1005
inclusions
Group 11
megacrysts 716~
1067
Eclogite 950
(1) Using the 20 kb Di-En solvus of Lindsley and Dixon (1976)
(2) Using the calculated 30 kb solvus of Lindsley (1980)
(3) Using the empirical enstatite solvus of Boyd and Nixon (1980)
(4) Using the data of Akella and Boyd (1974)
(5) Using the theoretical expression of Wood (1974), employing
temperatures from (3)
* This range is calculated for orthopyroxenes with Al1203

contents of less than 2.75%.
within two orthopyroxene megacrysts (3.83% Al,03, 1050°C;
4.,95% A1,03, 10709C) are consistent with equilibration in
the spinel stability field (e.g. Perkins, et al., 1981) and

A1203 contents and temperatures

are not included in this range.




on high-alumina pyroxenes. In view of this source of error, the

majority of the temperature estimates were derived from pyroxenes
containing less than 3% Al,03. However, temperatures obtained using
pyroxenes with greater than this amount {(e.g., 4.95%) are within the
overall ranges observed. Calculation of equilibration temperature
of a clinopyroxene inclusion in a Group I garnet (which also contains
an orthopyroxene inclusion) using the Mg/Fe exchange thermometer (e.g.,
Akella and Boyd, 1974; Gurney et al., 1979) returned a value of 1005° C,
in reasonable agreement with the temperature estimated from the
pyroxene inclusions (i.e., 950° C; Table 7).

Within the garnet stability field, Al,03 content of ortho-
pyroxene coexisting with garnet is a function of both temperature
and pressure (e.g., MacGregor, 1974). Given a temperature and
alumina content in orthopyroxene, an equilibration pressure can be
calculated from the orthopyroxene megacrysts and inclusions using
the theoretical expression of Wood (1974}, although values obtained
by this method may be overestimated (Perkins et al., 1981). For
the purposes of calculation, the composition of the garnet containing
the orthopyroxene inclusion was used (Ca/Ca + Mg + Fe = 0.129; Cr/Cr +
Al = 0.064); temperatures were those obtained from the Boyd and Nixon
(1973) solvus. Measured Al,03 contents in the orthopyroxenes range
from 1.11 to 4.95%. Two high-alumina orthopyroxene megacrysts (3.83
and 4.95% A1203) give temperatures of 1050° and1070° C. On the basis
of these alumina contents and temperatures, together with the phase
relationships in the system Mg0-A1,03-5i0, it is concluded that these

megacrysts crystallized within the spinel stability field (e.g.,




MacGregor, 1974; Perkins et al., 1981); in this region their Al,0;
contents are not pressure dependent. For the three orthopyroxenes
with Al,03 values between 2.66 and 1.11% the pressures obtained
from the Wood (1974) expression range from 25 - 31 kb, corresponding
to equilibration at depths between 75 and 95 km (i.e., within the
garnet stability field).

The assemblage of Group I pyroxenes and garnets equilibrated
over a temperature interval from 1350° C to 950° C, at depths ranging
from 95 km to within the spinel stability field (40 - 70 km). The
highest calculated pressure corresponds to a temperature of 1110° C;
it is possible that the higher temperatures estimated from the
clinopyroxenes are equivalent to a deeper source (assuming a typical
geotherm). The P-T estimates derived from Group I megacrysts indicate
that the crystallization interval for this suite spanned the garnet-
spinel transition boundary; these results are corroborated by the
petrographic observation of both garnet and spinel megacrysts within
this assemblage.

The absence of orthopyroxene in the Group II assemblage
preciudes the use of the solvus thermometers and the possibility of
calculating pressures from the expression of Wood (1974). Temperatures
ranging from 717 to 1064° C were calculated from the Mg/Fe exchange
between Group II garnets and clinopyroxenes (Akella and Boyd, 1974).
These values were derived using KD's calculated from various composi-
tional pairs within the Group II megacryst population. The temperature
calculated from the coexisting clinopyroxene and garnet in eclogite

nodules is 950° C. The lower temperatures indicated by the megacrysts

49




undoubtedly reflect requilibration upon cooling. At the calculated
temperatures quoted above, plagioclase and garnet can coexist at
pressures ranging from 8 to 18 kb (Green and Ringwood, 1967);
therefore, the presence of interstitial plagioclase in the eclogite
nodules provides pressure constraints corresponding to a deep crustal/
shallow upper mantle depth (25 to 50 km).

Figure 14 illustrates the P-T relationships estimated for
Group I and Group II minerals. The depths of equilibration for these
suites, as well as those inferred for kimberlitic assemblages from
Fayette Co., Pennsylvania and Elliott Co., Kentucky, are plotted

relative to the Lesotho geotherm.
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Figure 14. Pressure (kb) - temperature (°C) - depth (km) relationships
between Group I and Group II minerals from the Taughannock
Creek kimberlite. Mineral assemblages in kimberlite from
Fayette Co., Pennsylvania and Elliott Co., Kentucky are
also shown. The Lesotho geotherm is shown for reference.
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CHAPTER V

DISCUSSION

The Taughannock Creek instrusives exhibit many of the character-
istics commonly associated with kimberlites (see Chapter I). The
rocks are inequigranular in texture and consist of minerals typically
reported from kimberlite occurrences throughout the world. Moreover,
the estimates of temperature and pressure of equilibration derived
from some of these minerals (950 - 1350° C; 25 - 31 kb) are indicative
of their crystallization at depths within the upper mantle (75 - 100
km). The chemical trends and textures observed in the spinels (re-
flecting late-stage increases in Ca and Ti activities) are also common
characteristics of kimberlitic rocks (Haggerty et al., 1979; Pasteris,
1981).

Based on the above evidence, it is concluded that these rocks
are kimberlitic; however, they are the products of magmatic processes
originally active at depths shallower than those estimated for many
other kimberlites in the eastern United States (140 - 200 km,

Garrison and Taylor, 1980; Hunter and Taylor, 1982b) and other areas
(e.g., Lesotho, Boyd and Nixon, 1975). Perhaps, as a result of its
shallow depth of origin, the Taughannock Creek dikes are lacking in
two phases frequently associated with other kimberlites; specifically,
diamond and ilmenite. Pressure and temperature estimates from the
megacryst suite imply equilibration outside the diamond stability
field. The origin of ilmenite megacrysts in kimberlite has been the

subject of considerable.debate. It has been postulated that an




ilmenite concentration exists in the low velocity zone above areas of
kimberlite genesis. Upon ascent, the kimberlitic melt encounters
these cumulates of ilmenite and incorporates ilmenite megacrysts into
the melt (e.g., Boyd and Nixon, 1973; Nixon and Boyd, 1973; Pasteris,
1980). The shallow depth of origin inferred for the Taughannock Creek
kimberlite might have precluded the sampling of ilmenite cumulates
located in the low velocity zone. Alternatively, some authors have
proposed that ilmenite forms as a direct precipitate from the
kimberlitic melt (e.g., Eggler et al., 1979; Gurney et al., 1979;
Garrison and Taylor, 1980; Hunter and Taylor, 1982b). The paucity

of ilmenite in the Taughannock Creek dikes could be an indication
that the kimberlitic magma formed in a Ti-poor region of the mantle
(possibly a function of depth), so that, despite fractionation, these
Ti-poor melts never reached ilmenite saturation.

On the basis of petrographic, mineral chemistry, pressure and
temperature constraints, three evolutionary stages can be recognized
in the petrogenesis of the Taughannock Creek kimberlite (Figure 15).
During Stage 1, a kimberlitic partial melt crystallized Group I
minerals over a considerable depth and temperature interval within the
upper mantle. Over the period of Stage 2, the rising kimberlitic
melt subsequently penetrated and assimilated an ecologite body (Group
IT minerals) of Tower crustal of shallow upper mantle origin. Finally,
in Stage 3, the residual melt and crystallization products from both

igneous bodies were emplaced as a hypabyssal-facies kimberlite.
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Figure 15. Petrologic model of Taughannock Creek kimberlite showing
three stages of evolution (see text for explanation).
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Stage 1. The Group I megacrysts could have originated in two
ways: (1) they could represent fragments of disaggregated mantle
lherzolite that were assimilated into the kimberlitic magma as
xenocrysts; (2) they could be direct precipitates from the kimber-
litic melt. The latter possibility best explains the origin of Group I
minerals because: (1) megacryst grain sizes are typically larger
(0.4 - 1.2 cm) than those exhibited by lherzolite constituents; (2)
none of these megacrysts show evidence of reaction with a melt (e.qg.,
reaction rimming) as would be expected from xenocryst assimilation;
(3) variations in Cr and Ti contents exhibited by Group I megacrysts
imply their precipitation from an evolving liquid.

Thermal pertubations can induce partial melting in the mantle,
resulting in melts of kimberlitic composition (Wyllie, 1980).
Pressure and temperature estimates derived from Group I garnets and
pyroxenes imply that these phases crystallized over a depth interval
beginning at approximately 100 km (within the garnet stability field);
these depths are compatible with the formation of kimberlitic melts
(Eggler and Wendlandt, 1979; Wyllie, 1979; 1980). The high mg and
Cr-contents of Group I garnets and pyroxenes are also compatible
with crystallization in a mantle environment. The crystallization
interval, as inferred from geothermobarometric data, extended into
the spinel stability field (less than 65 - 75 km). The presence of
garnet and spinel megacrysts and spinel peridotite nodules in the
Group I assemblage also supports the conclusion that crystallization
encompassed the stability fields of both garnet and spinel. Because

high Cr-contents stabilize spinel crystallization into the garnet
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field (e.g., MacGregor, 1970), Cr-spinel megacrysts and garnet

actually may have co-precipitated over a portion of the crystallization
interval.

Although Group I minerals exhibit a restricted range of mg
values over the pressure and temperature range of Stage 1, there are
variations in minor elements (e.g., Cr, Ti) that are indicative of
fractional crystallization. This uniform mg of the kimberlitic magma
may be controlled by f0p. The fO0p in kimberlite probably is buffered
with decreasing temperature (e.g., Eggler, 1982) resulting in a
near-constant Fe2+/Fe3+, thus permitting the fractionation of olivine,
pyroxene, garnet, and spinel to lead to a decrease in mg with decreasing
temperature. If f0, increased with decreasing temperature, relative
to buffer curves, Fe2+ /Fe3* in the melt would decrease, thus
moderating the decrease in mg. More likely, the constant mg of the
melt may be a function of a low crystal-melt ratio, allowing the bulk
Mg0 content of the melt to be buffered by the composition of the

surrounding peridotitic mantle.

Stage 2. During Stage 2 (Figure 15), the evolving kimberlitic
melt penetrates and reacts with a lower crustal/upper mantle eclogitic
body of unrelated origin. This interaction results in the incorpora-
tion of eclogitic minerals into the kimberlitic melt. Group II minerals
present in the Taughannock Creek dikes are interpreted to be xenocrysts
from the assimilated eclogite. It should be stressed that minerals
of the Group II assemblage are genetically unrelated to the kimberlite. .

The presence of plagioclase in eclogite nodules, together with

temperature estimates derived from Group II minerals, indicate that



this assemblage crystallized in the lower crust or uppermost mantle

(25 - 50 km in depth). Distinctly different from Group I, the Group
IT suite lacks olivine and enstatite and exhibits significantly Tower
Cr and higher Fe contents than those minerals identified with the
kimberlitic melt (Group I). Systematic variations in A1,05, Ti0,, and
Nap0 imply that these minerals precipitated from a fractionating melt.
Although it is a possibility that they were formed by exsolution, the
intergrowths of garnet and clinopyroxene observed in eclogite nodules
and in clinopyroxene megacrysts form textures interpreted to be the
result of co-precipitation from a melt, perhaps in an analogous fashion
to ilmenite/clinopyroxene intergrowths (Boyd and Nixon, 1973). The
compositional similarity of Group II garnet and clinopyroxene mega-
crysts with these phases occurring as intergrowths is compelling
evidence in favor of co-precipitation; it would be expected that the
exsolution of garnet from clinopyroxene would deplete the pyroxene
in A1203 relative to pyroxenes that had not exsolved an Al-rich phase.
No such depletion has been observed. Additionally, the temperatures
calculated from coexisting assemblages of clinopyroxene and garnet
fall well within the range of temperatures estimated from discrete
megacrysts, suggesting that intergrowth temperatures are not subsolidus.
Finally, the textures exhibited by the nodular intergrowths are similar
to textures produced experimentally in alloys by co-precipitation
(Wyatt, 1977).

Subsequent to Stage 1, the kimberlitic melt disrupted the
eclogite body, assimilating eclogitic crystallization products. Group

II clinopyroxene xenocrysts exhibit reverse core-rim zonation in the




form of reaction rims that record decreases in TiOZ and Na»0 and

increases in mg and Cr,03. These core to rim chemistries reflect
the chemical modification of the eclogite phases via the intrusion
of the kimberlitic melt. The absence of rims on kimberlitic clino-
pyroxenes suggests that the eclogite was present as a crystalline

solid or a crystal-mush containing Tittle melt.

Stage 3. During Stage 3 (Figure 15), the kimberlitic melt
underwent final chemical evolution and was emplaced in its setting
as dikes. The exact timing of the crystallization of groundmass
phases is enigmatic. There is no petrographic evidence that uniquely
associates groundmass crystallization with any one stage of develop-
ment; it is possible that the groundmass phases crystallized con-
currently with portions of all three stages. The paragenetic sequence
Cr-spinel »Ti-magnetite +perovskite as observed in the groundmass, is
typical of mid to late-stage melt evolution in kimberlites. The
reaction of Cr-spinel with the melt to form Ti-magnetite records a
decrease in Cr-activity and increases in Ti and Fe3* activities within
the melt. A late-stage increase in Ca-activity is reflected in the
reaction of Ti-magnetite and the residual melt to form perovskite.

The crystallization of phlogopite is also difficult to precisely
determine with respect of time; this problem is further complicated
by the complex chemical relationships exhibited between large, zoned
phlogopite crystals and smaller groundmass grains. On the basis of

their Cr-poor cores, these larger phlogopites are interpreted to have

crystallized from a non-kimberlitic melt; their subsequent incorporation
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by the Cr-rich kimberlite during its ascent is recorded by the increases
in Cr exhibited in the xenocryst rims. These rim compositions are
compatible with groundmass phlogopite compositions, suggesting their
co-precipitation. Furthermore, the inclusion of Cr-spinels within
xenocryst rims and groundmass phlogopites is an indication that the
crystallization of these two phases was at least partially concurrent.
The kimberlite was emplaced as narrow dikes (less than 0.5 m
wide) intruded into flat-lying Devonian shales. The country rock
exhibits little effects of thermal alteration, suggesting that the
kimberlite was injected as a relatively cool, gas-charged fluid. The
majority of other kimberlite occurrences in Central New York are
also hypabyssal-facies intrusions, not explosively emplaced diatremes.
Many diatremes narrow with depth, grading into feeder dikes (Dawson,
1967). It is possible that the lack of diatremes in this area is
attributable to erosional processes which removed the upper portion
of the kimberlite intrusions, leaving the feeder dikes exposed.
Alternatively, the predominance of dikes could indicate that the
kimberlite underwent non-explosive emplacement. This mode of
emplacement could occur if the overlying country rock exerted resis-
tance over the rising kimberlite, yielding to the intrusion only along
pre-existing joint planes. Indeed, most of the kimberlite dikes in
Central New York, including those exposed in Taughannock Creek, follow

the dominant North-South trending joint pattern (Foster, 1970).

Crough et al. (1980) and Crough (1981) have proposed that the
kimberlite occurrences in New York are related to thermal activity

associated with the Great Meteor hotspot, a thermal upwelling active



62

during the early Jurassic. Although plausible in some respects, this
theory becomes less cogent upon consideration of the great distances
(500 km) that separate the kimberlite occurrences from the track of
the hotspot. An alternative suggestion is that the kimberlites
occurring along the Appalachian Plateau in the eastern U.S. are mani-
festations of thermal changes and tensional tectonics associated

with the opening of the North Atlantic during Triassic-Jurassic time
(e.g., Hunter and Taylor, 1982b; Taylor and Hunter, 1982). Parrish
and Lavin (1982) cite evidence suggesting that kimberlites in the
Appalachian Plateau are distributed along structure-parallel basement
faults that may have been activated by tensional stress during the
Mesozoic. The rifting episode could have initiated the development
of cracks in the Tower crust; volatile activity associated with the
kimberlitic melt would have enhanced crack propagation, resulting

in the emplacement of the kimberlite (Figure 15, page 55).




CHAPTER VI

SUMMARY

The petrography and mineralogy of the Taughannock Creek
intrusives record three stages in the petrologic evolution of a
kimberlite derived from a relatively shallow source. Initial crystalli-
zation of olivine, pyropic garnet, Cr-diopside and enstatite occurred
at depths overlying the low velocity zone. Precipitation of these
phases continued as the melt ascended to higher depths within the upper
mantle. As the melt rose through the spinel stability field, it
crystallized Cr-Al spinel megacrysts and incorporated spinel peri-
dotite xenoliths. During Stage 2, the kimberlite melt encountered and
assimilated the components of an unrelated eclogitic body situated
near the base of the crust. This lower crustal/upper mantle body,
consisting of garnet and clinopyroxene and minor plagioclase, was
present as a crystalline solid or possibly as a crystal mush. Ground-
mass spinels and phlogopites may have crystallized at this time,
although the exact time of their precipitation, relative to other
phases, is not known. Textural and compositional relationships among
phlogopites indicate the incorporation of a suite of non-kimberlitic
phlogopites into the kimberlitic melt; textural relationships between
phlogopite and Cr-spinels suggest that this event occurred prior to,
or concurrent with, groundmass crystallization. In Stage 3 the
kimberlite was intruded as dikes into the surrounding country rock.
Both the genesis and emplacement of the kimberlite may have been
controlled by tectonic events associated with the opening of the North

Atlantic QOcean.
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