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Figure 1.2 General geology of the Coldwell Complex from Platt and Mitchell (1982).
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Two forms of minor intrusion, dyvkes and diatremes, are
recognized in the Coldwell Complex. The dyvke rocks that are
the subject of this thesis are apparently coeval with the
Centrea @ magmatism Aas determined iy cross—cutting
relationships. A detailed description of the dvkes is
presented in subseguent sections. Three diatremes are also
abserved in the area. UOne of these, located on the west side
of the Coldwell FPernninsula (Fig.1.3) ie definitely associated
with the intrusion of the complex as it contains «enoliths of
Centre 2 material (Balint, 1977). The origin of the other
two diatremes is problematical , however, as they are located
near the complex in the Archean country rock but have not vet

been found to contain any Coldwell material as xenoliths.
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FIELD GEOLOGY OF THE DYKE ROCKS

Introduction and General Observations

Those tyvpes of dyke rocks that are associated with
Centre 2 may be broadly catagorized into several groups on

the basis of Ffield obhservation, iy approdximate order  of

abundance:

@) ocellar lamprophvyres

b)) amalcite-bearing tinguaites (termed "heronites" by
Calemar: (1900))

¢ lamprophyres with abundant clinopvrorens phenocrysts

) lamprophyres with guarts phermocrvsts

Examples of the above types of dykes=s have been examined
in detail in terms of their Ffield geociogy. All of these

rocke display festuwes characteristic of true dvkes, such as

cross—-cutting relationships (Flate 1.1}, brecciation (Flate
-2, development of chilled margins (Plate 1.73%) and
alteration ot host rocks {Fent, 19010, Where possible,

attitudes of the dykes have been determined (Table 1.1),
howaver , limited elposure and local pinch—outs and

dislocetions commonly obscure grose phyeical featwres.



Flate 1.1 Two tinguaite dykes exhibiting a ocross—cutting
relationship

':P-,’".,

Flate 1.2 A lamprophyre dyke incorporating fragments of
syenitic wall-rock near the centre of the photograph




Flate 1.5 C(Chilled margin developed in & lamprophyre against
the svenitic wall-—rock: note the sharp contact between the
dyke and the wall-rock

Flate 1.4 Lamprophyre dyke exhibiting internal banding

parallel to the dyke contact as a result of multiple
intrusion within the same conduit to form a composite dyke,
or as a result of flow differentiation




Table 1.1 Fhysical Characteristics of Dvyhkes

Dyke Type

l.amprophyres
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Gernerally. the dyke rocks strike in a northwesterly direction
and dip steeply to the north-east, although the felsic
tinguaites display more variance from this general trend than
the matic dyvkes. Dyke widthe are guite variable, ranging
from Zdcm (Flate 1.9 to several meltires (Flate 1.5);
considerable variation may be cobserved within a single dyke.
Cross—cutting relationships between dykes and hozst rocks and
other dvikes are also difficult to determine for the reasons

outlined above. Aubut {1977) developed a scheme to describe

the cross—-cutting relationshipe that exist among the dvikes of
the southwesterrn margin  of the Coldwell Complex By

-~ b

categorizing the dvkes into four periods” based on  apparent
order of intrusion. However., the relationships throughout

the Complex in general are not so clesrly detfined.

Contacts with the host rock are Ffreguently undulatory

and usually sharp (plate 1.37, although shearring and
accumulation of leuwcocratic material salong contacts is
sometimes observed (Flate 1.6). Veinlets or dykelets of

melanocratic material $rom the mafic dykes commonly penetrate
the contact and extend some distance inte the host rock
(Plate 1.7). Alteration, including carbonatization and
haematizration of the host rock adjacent to the contact is
also ohserved, but the degree and extent of this alteration

is not apparently systematically related to the type of dyke



Flate 1.9 A tinguaite dyke approximately

Flate 1.6 Accumul ation of carbonate-rich leucocratic
material along the margins of & tinguaite dyke
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Flate 1.7 Lamprophyric dykelet derived from larger
lamprophyre dyke intruding syenitic wall-rock

Flate 1.8 Lamprophyre dyke exhibiting considerable physical
decomposition as a result of weathering
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Flate 1.9 Lamprophyre dyke exhibiting offset probably as a
result of injection of material along a pre-existing fracture
not exposed in this outcrop

s 04

Flate 1.10 Lamprophyre dyke containing leucocratic ocelli
which have been elongated in the direction of flow of the
dyke




Flate 1.11 Lamprophyre dvyke whibiting concentration of
leucocratic ocelli in the centre of the dyke as a result of
flow differentiation

Flate 1.12 L.amprophyre dyke xhibiting concentration of
clinopyrosene phenacrysts in the centre of the dyke as a
result of flow differentiation; note the lack of phenocrysts

in the marginal portion of the dyke in the upper left portion
of the pbhotograph




black porphyritic rocks with amn aphanitic to fine grained
groundmass (Flate 1.11). Typically, phenocrvets are dark
green or black clinapyroxene and/or black amphibole. These
rocks are characterized by the presence o globul ar

segregations of white or pink felsic material and  carbonate

minerals termed ocelli. Freferential weathering of ocellar
material resulte 1n many examples of this rochk type
developing & distinctive porouvse appearance  on  weathered
SUrfaceEs. Jrcasionally, these rocks  are massive but  more
freguently  they dieplay preferred alignment of elongate
objecte and non-—-uniform distribution of some festuwres. For
=nample, the cocelli and phenoorvets are commonly concentrated
in the centre of the dyhkes (Flate 1.7), and ocelli are 1in
some cases elongeted parallel to the marginse of the dykes in

wihich they  ocour. Veinletse of  carbonate a&re  scarce to

moderately abundant.

by Analcite-bearing tinguailtes: Theze are felsic dyke
rocks, typically aphanitic to fine grained and pale to deep
pink or orange-pink in colour (Flate 1.035). In SOMe
instances, pink or pale orange grains of analcite and &lkali
feldepar are obhserved. Generally, they are ma=sive, although
several display & slight increase in grain seize towards the
dvke centre. Veinlets and massive to colloform marginal

accumulations of carbonate are common.
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c) Lamprophyres with abundant clinopyrorene phenocrysts—
These are grey, grey-green o dark grey porphyritic rocks

with abundant large {up to 10mm) pheocrvsts of dark green  to

hlack clinopyroxens (Flate 1.13). The phenocryvets range from
fresh to highly altered, the latter resulting in a the
formation of pitse within the rocks. Concentration of

mhenocrysts in dyvke centres is especially promounced in some

Cases, Carbonate orcws as veinlets and rarely as ocelli.

dy Lamprophyres with guartz phenocryste— These rocks are
eimilar in appearance to the occellar lamprophyres described
above., but contain abundant rounded guasr-tz grains from 0.5 to
DL omm o in size, which inveriably display thin (0.Z2mm or less)
rims of dark material. Mafic phenocrysts and ocelli are
considerably less abundant than in the ccellar lamprophyres,

but the groundmass of both types is  very similar in

madrroascap i appeEarance.



CHAFTER 2- PETROGRAFHY

FETROGRAFHY OF THE LAMPROFHYRES
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Table 2.1 fAiverage Modes of Lamprophyres 27
(Flased on Averaged FPoint Counts
of 3 Bpecimens of BEach Type)

i < s 4 b

Fhenocrysts 4 21 2 7 4]

Clinopyrosene 5é 100 20 18 &4
Hornblende atd - 10 &1 A,
Kaersutite a - - 21 2
Olivine 2 - - - =
Cluartsz - - &HO - -

& 41 &1

.
B
o

Groundmass

s
o

&8

Flagiocl ase 74 19 74 7 -
Alkali Feldepar - &3 - i -
Clinopyrosene 7 10 & 4 &
Amphibole & - o g 7
Hiotite & 2 7 2 7

}

NMepheline
fApatite

Calcite
Magnetite
Titanomagnetite
Timenite
Sulphide Fhases
Micralitic Fhases s . {
Isotropic Material - - - - 77

Lo

S o B ¢S BN SR N
e

S 0 B O e e
1
i

e dn e ] BRI
Tk
| SN

R A

[ R
}

.
N
t
i
[
-

S S

Ocellar Fhases 7 2 4 3 1

Calcite 72 &7 71 68 il
i

Zeclites 4 & A 14 14
Chlorite & & ) 2 7
Epidote 2 iz g 10
Scapnlite g G 7 i G
Cancrinite i 2 - - -

Microlitic Fhases i} o1 <1 Wl <]
Fluorite 1 o - - —

Secondary Fhases 473 35 25 44 25

Chiorite 44 57 Faryal 51 13
Uralite 7 13 S gt} 1
Iddingsite 3 - - - i
Serpentine 11 19 < 2 41
Cryptocrystalline

Fhases 38 11 41 2 84
Epidotex

Clay Minerals¥

Sericitex

Yenocrystic Fhases - 1 1 - -

¥ Due to a&lteration of groundmess feldspars:; no acouwrate
determination of modal abundance possible (see teuwt)

i— Ocellar Lamprophyre

2~ Lamprophyre With Abundant Cpx Phenocrysts

Z- Lamprophyre With Guartz FPhenoorysts

4- Lamprophyre With Abundant Amphibole Phenoorysts



Flate 2.1 QOcellar lamprophyre; note the carbonate-filled
ocellus in the left portion of the photograph, the
clinopyroxreene phenocryst in the bottom right and the
abundant subhedral plagioclase in the
groundmass. (field-of-view {(fov) 9.5mm; cross polarized 1light
{(xpll).

Flate 2.2 Reverse—-zoned clinopyroxene phenocryst in  an
ocellar lamprophyre; note the embayed acmitic core in sharp
contact with the diopsidic rim. Note also the biotite, brown
amphibole and acmitic clinopyroxene in the groundmass (fov
. 5mm: plarme polarized liaghkt (oppl)dY).
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FPlate 2.3 Clinopyroxene phenocryst exhibiting twinning along
(100) . hNote development of secondary blue—green uralite along
crystal margin and cleavage traces and Ffractures within
crystal. Note also abundant brown biotite and dark green
chlorite in groundmass {(fov 9.5mm; xpl).

g wnY

35."’.’ E LI T gl

Flate 2. Zoned brown amphibole phenocryst in ocellar
lamprophyre; note embavyed core and rhythmic repetition of
zoning in rim. MNote also extensive alteration of amphibole to
chlorite and walite. {(fov 9.53mm; ppl).



agscillatory forms  of this zorming are observed 1 some

instances, and contacts betwesesn adijacent zones are  sharp

iFlate  Z.3). Ay howrglass  sector  zoning is sometlmes
super imposed upon the concentric  zonings adiacent sectors
gxhitit different birefringernce and absorption colows  of
comtrasting hue. Im some cases, & Narrow {0, Omm ) rrim o

this

derker brown clinopyrosens swrounds the mantle  zor

rim  zone commonly  dncorporates inclusions of very  fine

ar i riedd (less tharn O.01nm) opague ograins., Twinming alon

D

Loy de common (Plate .33 Erown  amphibole phenooryst

i

include strongly plecchroic vellow-browns hornblende and, to s

le

tent weakly pleocchroic  deepn red-brows kaersutite.
The hornblende is tvpically subhedral to  euhedral and i
commoanly concentrically zongd from dark browen cores to pale
vallow-brows mims, with rhvibhmic repetition of this pattern
Deding commen (Flate F.4). Slight minor concentric variations
in colow are sometimes noted within these zones. Fagrsutite
displaye similar zoning in variows shades of  red-brown. I
both cases, reversed zoning 1S occasianal 1y obhserved.
Twinning parallel teo {100) 1 COoOmmon. Many amphibol e
phenocrysts exhibit inclusions of finely disseminsted opague
grains and clinopyrosene crystals. e dyhke, C377, contains
remmants of  several extensively altered phenocrvyvsts of
oliving, 1.0mm to S.0mm in size. These are surrounded by  an

unresol vable COrOné&, whiich Mmary include dar bi-own



clinopyroxene, and which

may represent  an effect of resorption or sub—sol 1 dus
re-eqguilibriation. Thie will be discussed further in Chapter
4. The relict olivine contains  numercus amall (less than

DL DEmm) inclusions of epinel .

The groundmass (Flates Z.1 to 2047 ie & Jine grained

assentl age of whiich up to S0, ig compi-i sed ot

crypltocrystal line aggregetes of daerk-colowed finely granular
material. 04 the remsinder, the following phases have been
itdentified as @jor primary constituents: plagiocl ase,
nepheline, bioctite, clinopyrodene of similar appearance to
the phenooryst rims, brown amphibole and calocite, eapatite and
transluscent red-browrn haegmatite. VMarious opague phases
including magretite and titanomagrnetite, ilmenite and rar&iy

pyrite and chalcopyrite have also been  observed miror

m
Ih

primary groundmass phases. Grain sizre averages Q.2 mm or

1

less {for groundmass mineralss apatite, which occurs &

L

microlitic needles, rarely exceeds 0,08 mm. A omore  detailed
description of the groundmase mineralogy 18 not possible due

to the small grain size.

Fervasive alteration of the mafic phases results in  the
faormation of a variety of secondary phases, In the case of

clinopyrosrens these include chlorite, wuralite (used in the
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Flate 2.5 Clinopyroxene phenocryst in ocellar lamprophyre
virtually completely altered to red-brown iddingsite and
opague phases {(fov 9.5mm; ppl).

Flate 2.6 0Ocellus in ocellar lamprophyre filled by carbonate
minerals and scapolite (sc) and minor analcite (an). Note
rounded shape and generally sharp contacts with groundmass



Flate 2.7 Lamprophyre with abundant clinopyroxene
phenocrysts: note zoned euhedral clinopyroxene corystals and
abundant feldspar {plagioclase and alkali JFeldspar) in
agroundmass (fov 2.5mmi xpl).

Flate 2.8 Lamprophyre with guartz phenocrysts;: note rimming
and embayment of guartz phenocrysts by melancocratic material
(fov 9.5mm; ppl).
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4

manner of Deer et al, 198686, to describe  a sacondary
reyv-green amphibole of indeterminste composition), rare
iddingsite Flate 2.5 and orvypltooryvestalline aggregates
{probably serpentine, magnetite and carbonatel. Amphibole
alters to walite and chiorite, while olivine is replaced by
serpentine, magnetite and carbonate. The  extent of this
alteration ranges from incipient alteration along rims,

fractures and cleavage traces of large grains to formation of

complete pseudomorphs, aidl renlacement o arouncdma

TN T il sl ool e gisplays NEVARYS I o To degre

decomposition producing epidote, zeolites, sericite and clay

minerals. Meoheline is commonly altered to cancrinite.

Ooelld Flate Ea are globul ar to ivrregul ar

soregations of calcite, zeclites incluwding analeoite and
stilbite, chlorite, epidote, scapolite, canorinite and, in
rare instances, fluorite. These are common in this  type of
lampprophyre and range in size from O.5mm to 30.0mm, with an
average size of . Omm. The intertace between the ocellld and
the grourndmass is generally sharp, with a tangential
arrangement of elongate matrix crystals adjiacent to the
ocellus being common. I some cases, phenoocrysts impinge
upon the ocelli, compressing or even penetrating the
occellus—matrix  interface. Oeelli  occur sirgly o in

clusters, with the latter arrangement commonly showing



Flate 2.9 Lamprophyre with abundant amphibole phenocrysts
(fov 9.I0mmy ppl).

FPlate 2.10 Lamprophyre with an isotropic base; abundant
extinct material throughout the groundmass is  the isotropic
material. Note zoned clinopyroxene phenocryst in  the 1lower
right portion of the photomicrograph (fov 9.53mm; ppl).



fed

overlapping or coslescence of individual ocelli to form

el in

compler lobate patterns. The ccelli will be discus

more detail in Chapter &.

Commoril oy, veeinlete of calocite, haematite, renlites
including analcite and prehnite, and chlorite are observed to

traverse the rock.

Lamprophyres with Abundant Clinopyroxene Phenoorysts

This type of lamprophyre is & porphyritic, melarnocratic

roack containing abundant large (L D=1 5, Om? euhedral

clinopvrodene crystals as  the only phenocryst phase (see

Flate Z2.7Y. The invariably erxhibit & distinct concentric

ronation from colowless to pale brown cores  to pale
gresn-brown rims. Marrow green rimse  similar to those

ohserved suwrrounding clinopyrosene phenocrysts in the ocellar
lamprophvres appesr to be of the =same composition &s  the
groundmass  clinopyroxene. Thise rim, where it CCCurs,
digplaye a gradational contact with the adjecent mantle zone
and contains abundant inclusions of wvery fine (0. Q5mm) dart
coloured grains. Contacte between adiacent core and mantle
zones are sharp, and the width of dindividual zones is
variable, but mantle zones tend to be thinner than the

corresponding cores. The pattern of zomnation will only very
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Flate 2.11 Tinguaite containing alkali feldspar (af),
nepheline {(ne)  and analcite (an). Note pink haematite

staining on phases on right side of photomicrograph {(fowv
9.5mm3 xpl).

e 4
5

Flate 2Z2.12 Tinguaite showing riebeckite phenocrystse (b)) and
aegerine as a groundmass phase (ae). Note pale pervasive pale
pink—brown colowation of felsic phasesx as a result of
haematite staining (fov 9.3mm; ppl).



Table Z.2

Fhenocrysts

Allkali Feldspar
Nepheline
Riebeckite
Analcite

Groundmass

Alkali Feldspar
Aegerine

Nephel ine
Calcitex

Apatite

Zircon#
Aenigmatite
Magnetite
Microlitic Fhases

Secondary Fhases¥

Ieclites

Sericite

Clay Minerals
Cancrinite
Cryptocrystalline
Phaces

Haematite

Yenocrystic Fhases

-

Average Modes of Tinguaites
(Determined by Averaged Foint
Counts of 3 Specimens)

29
A0

47
14

1

Considerable variation

of these phases

exiets in the modal abundance

44
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Tahle 3.2 Oezcriphive Statiztics for Hajor Element Data
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Figure 3.1 Degree of Silica Saturation As Shown By A Plot of
Alkalis Versus Silica (after Cox et al, 1979)
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Figure 3.2
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Figure 3.2 (Cont.)
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Figure 3.2 (Cont.)
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Table 3.4 Descriptive Statistics for Lampropbyre
Major Element Data Distributions

Oxide Minimum Masximum Range Skewness Hurtosis
Si02 29,59 58.48 19. 89 0.84 1.01
Al 20% 11.27 18. 50 23 —~0. 02 1.04
Fez0X 2.70 ba S0 .80 0.74 0.71
Fel 2.689 12,328 Q.70 0.11 .18
Mg Z.74 10.82 7.08 0.55 -0, 12
Cald S5.146 14, 33 11.17 0.55 0. 58
NaZ{ 0. 83 5.97 S.14 -0, 4% 0.24
k20 0.17 4.27 4,10 —-0. 51 0. 59
M 0,12 Q.60 0.48 1.70 5. 09
Ti0z2 Q.98 .21 2.23 1.76 Z2.86
F205 Q.37 Z.46 3.09 HaEE 6.18
Table .35 Hesults of Folmogorov-Smirnov Goodness of

Fit Test on Lamprophyre Major Element
Data Distributions

Ho: The data is normally distributed.

Oxide Result Significance
Level
G102 Ho rejected 0.0%
Al20% Ho accepted 0,05
Fel(X Ho accepted Q0,00
Feld Ho accepted Q.05
MgO Ho accepted .03
Cal Ho accepted 0. 03
NaZ( Ho accepted Q.Q5
220 Ho accepted Q.05
Mn O Ho rejected 0. 05
Ti02 Ho rejected 0. 05

F205 Ho rejected 0.03
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Table .6 Correlation Statistics for Major Oxide-
Salidification Index Variation Diagrams

Ovide Correlation Standard Error Intercept Slope
Coefficient of Estimate a ]
r
Si0z2 —~Q.702 4,83 59.47 -0.3284
AlZ03Z ~i . 769 1.Z29 18.44 -0.135
Fe20Z 0,352 1.07 2.94 Q.033
FelD 0.440 2.59 .78 0.103
Mg0 0.977 Q.63 ~0. 04 0.240
Cal 0.833 2.32 2.2 0. 283
Na20 ~0. 850 0. 84 &.85 0 —-0.110
E20 Q. 704 1.07 4.94 -0.085
M0 -0, 091 Q.27 0.33 —0,001
Ti02 0.402 0.39 0.77 0.021

F2035 0. 300 0.59 Q.29 Q. 027



KEY TO FIGURES 3.3 TO 3.13

Coldwell Dyke Rocks

filled circles— cpx lamprophyres

open stars-— gquartz lamprophyres

filled triangles— ocellar lamprophvres

filled stars-— isotropic—-base lamprophyres
filled squares— amphibole lamprophyres
open circles-— tinuaites

Dyke Rocks From Other Occurrences

a— monchiguite, Monteregian Hills, CGQuebec (Eby, 1280)

b~ camptonite, Monteregianm Hilles, Quebec (Eby, 1980

c—~ camptonite, Serra de Monchigue, Fortugal (Rock, 1982)

d-—- monchigquite, Serra de Mon&hique, Fortugal (Roock, 1982)

e- camptonite, Sines Complex, Fortugal (Rock, 1932)

f—- monchiguite, Sines Complex, Fortugal (Rock, 198%)

g—- tinguaite, Heemerville Complex, New Jersey (Mawey, 1976)
h— sannaite, MAillik Ray, lLabrador (Malpas, 1986)

1,3~ lamprophyre dykes, Ubekendt Ejland, UWest Greenland

(Clarke et al, 1983
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Table .7

8102
Al1203
FeZQX
Fel
Mg
Cald
Naz20
2
M0
Ti0Z2
F20%

Eigenvalue

7% of Variance

ist
Eigenvector

C). goog

L1166
C 0474
-0, 22345
-0, 1759
~m, 5050
. 0454
0.0823
0.0017
—-Q. 0223

=0, 0352

24,0062
6O L6851

Resulte of Frincipal Components

2nd
Eigenvector

=0.3373

Q. .’!].‘.4
=0. 0009
0. 4993
~0. 4045
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0. 2609
0. 022

L0014
0. 08352
0.0144

F. 1305
2E.0809

Analysis

Jrd
Eigenvector
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- 0828
C 2939
0. 2320
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-
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camponents  will be required to portray effectively the
overall varsance in the data (Le Maitre, 1982 Conley and
Lohnes, 19&32). Le Maitre (1968) states that the first three
principal components will usually account for at least 934 of
the total wvariance. By plotting these principal components
against  one another, the number of divariant variation
diagrams roanired to express the compositional variation .in
the data 1< also reduced. FCA has the advantage of requiring
e assumptions about the original wvariables, such as  the
mature of Lheir distribution, since the results are purely
representsbive of the variation that is inherent in the data

(Le Maitre, 1982).

The data for the Coldwell dyke rocks were transformed
into FCC by the FORTRAN progam FCA  (Davis, 1973). The
elgenvectors were stiracted  from the covariance matrix.
Inspecticon of Table 3JI.7 shows that the first three
zigenvectors account for approximately 894 of the variance in
the data. The lst eigenvector (Table 3Z.7) accounts for 614
of this variance, therefore, it defines the dominant trend
exhibited v the data; this may represent some petrologically
significant process (le Maitre, 1982). Inspection of this
eigenvector indicates that 810s and Alalx vary inversely with
Fel, Mgd sed Cals Bidz and Call appear to dominate as theilr

sment with  the

terms are relatively large.,  This 1s in agre
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STATISTICAL DISCRIMATION BETWEEN THE LAMPROFHYRES
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Table Z.8 Results of TWINSFAN Cluster Analysis on Coldwell Lamprophyr
Data

Group MNo. No

. of Cases Ereabdown of Cases in Each

in Group

Cpx Cuartz Ocellar

Lamp. Lamp. Lamp

Isotropic—
base Lamp.

Graoup by Rock Typ

Amph
Lamp.

e e s s s i e it & o i Ard ) Lk o) S Bt T o P St S Sine Mot e et v S T e ot Tt SOt bk $SPYE i et A T 400 e S et e S S ey Mo A P G et Yo Sy G T S el e S e b earn s s e

TN R R e

10

Table 3.9

1 1
4 4
5

q

2

1

4 2

3 1

4

Uride Groupings from

TWINSFAN Cluster Analysis of Cold-
well Lamprophyre Data

Oxide Grroup

G NA T RL I SERE RN

~N N e

Greatest Abundance
fAssociated With High
Low or Intermediate
Numbered Specimen
Groups, or No Clear
Assnciation

1w
high
high
intermedi ate
none
none
none
none
none
high
high

SRRl
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Table I.10a Statistics of Canonical Discriminant Functions

for MDA of Groups Generated by Cluster Analysis
Function Eigenvalue “ZVariance Wilk's )\ Chi-square Frobability

O Q. 0000 Q.00 Q. 0209 116.05 Q. Q0Q0
1 6. 29353 Q6. 06 0.8444 5. 00 0.7571

Table Z.10b Summary of Wilk’'s A and F-ratios

for Oxides Involved in MDA of

Groups Generated by Cluster Analysis
Oxide Wilk‘'e AN F Significance Function 1
$102 0.9114 1.964 0. 08632 1.6351
Al120% 0.9654 0. 65% 0.46242 0, 3254
Fel(QX 0,9875 Q. 265 O.8864 Q.4217
Fel 0,8854 2.681 0.,0111 2.15446
MgO QL9225 0.874 Q. 1062 0.8224
Cal 0.9687 0.648 0.6631 0,5421
NaZ0 Q.92647 0,651 Q. 6324 0, 53841
1720 O, 97832 0,421 0.7152 0.2149
M0 Q.9932 0.1085 0. 9562 ~Q.0214
TiOZ2 Q.9865 0,234 0.9124 ~0, 1014
F205 0.9874 0.214 0.9321 0.3547



FIGURE 3.15- HIBTOGRAM DF CANONICAL
DISCRIMINANT FUNCTION 1 FOR CLUSTERS OF
COLDWELL LAMPROPHYRES GENERATED ERY
CLUSTER ANALYSIS
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TARLE 3.11 CLASSIFICATION TABLE FOR GROUFS GENERATED BY CLUSTER
ANALYSTS GHOWING CLASSIFICATION OF CASES IN EACH GROUF RY MDA

1 2 = 4 ] 1) 7 8 s A K
1 100 0O O O 0 O O O O 0 O
2 =5 7% Q Q 0 Q O ¢ O 0 O
& Q Q 75 Q Q 0 O Q Q Q 25
4 O O Q 44 Z4 O O Q Q Q 22
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Fercentage of Cases Correctly Classified= I4%
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Tablae 3,122 Statistics of Caenical Dizcriminant Funchions
for BDR of Groups Generated by Petrographic Analysis

Function Elgenvalus MWariance Gm 2 Wilk*s A Chi-zquare Probability
) 0. 0000 1,00 R 0.0471 i .00

43987 6904 Ry 12543 iy ety TAELE 3.13 CLASSIFICATION TABLE  FOK

..... AE YA g I

1

. il S, e s e GROUFS GENERATED BY PETROGRAFHIC ANALYSIS
21 20,12 83,7 B.5812 13 0, 0647

3

aC AL XA A 41 e )
- ol ST - - S SHOWING CLASSIFICATION OF CASES IN EACH
0.6341 4,95 95,17 0.3497 1.85 {1, 7937 GROUF RY MDA

1 2 3 4 S
Table 3012k Susmary of Hilk's \ and F-ratins
for Ouides Irnvalved in HOR of 1 1ao o ¢ e ¢

Groups Geterated by Petrographic

Analysis 2 0 8S 15 (@) Q
P L. S : . I Q 5 95 Q 0
(uide Wilk's x F ‘_'-,1gra1‘,1|:an|:e Function | Funchion 2 = -
B T e 4 0 0 100 © 0
Alzos 0.1954 .37 N, del 1, 1589 00294 ! 33 0 &7 o o
Fel(iz 0.0a33 16915 D833 .3793 -0,3358
Fef 0.2307 1, 1944 1.0515 1, 1451 -0, 1067 Fercentage of Cases Grouped Correctly=
Kol 06614 03162 1.57TE 0,5332 -, 7654 77%
Cafl 0.0471 0,518z n.alz4 0,777 0,5433
Nazfi 0. 1320 .7757 0.5495 (1,9328 N.E932
ke f.074s 0,532 0,7354 g, 1940 Q6017
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Figure 3.16 1st Discriminant Function vs
2nd Discriminant Function
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representing those tvpes delimited by patrographic
gxamination indicates that although a small degree o

separation of the cpx-lamprophyres is achieved {(by the 2Znd
canonical discriminant function), gensrally, the cpx, guartz,
igotropic—-base and amphibole lamprophyres o an not bre
separated on the basis of major and minor element chemistry

in a statistically significant manner.

CLABBIFICATION OF THE COLDWELL DYRE ROCKS

Classification schemes bhased on various parameters have
been proposed for rocks which satisfy the general coriteria
reguired of lamprophyres by a number of auwthors, including

doplin {(1986), Wimmenauer (1973, 1976, Sahama (1974 and

e

others; these are summarized by Fock 1977y, and, more
recently, by Streckheisen 11978) . The following sections
summarize and discuss the application of these conventional
classitications to the Coldwell lamprophyres. The tinguaites

are adeguately classified on the basis of previous work

(Mitchell and Platt, 1977) {(zee Chapter 1).
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Table Z.14 General Characteristice of
the Alkaline Lamprophyres (Summarized
from various souwces by Rock, 1977)

1. Association

Sodic alkaline rocks, particularily
alkali basalts, gabbro-syenite complenes,
and, to a les=ser extent, carbonatites.

—

Z. Nomative Character

2% of analyses in the literature
have normative nepheline; more would 1f
unaxidised, and some have normative
kalsilite.

Z. Megacrysts/xenoliths

Alkali feldspar (high/medium T
structures) common ; augite kaersutite
and apatite megacrysts lecss Common;

lherzolite senoliths very rare.
4. Ocelli

Extremely common , containing
feldspathoids and/or carbonate minerals

S. Petrogenesis

Generally considered to be volatile
enriched basaltic magmas Q7Gr /BeS

ratios generally indicate a mantle origin
{(i.e. no invelvement of crustal material)



Table Z.15 Mineralogical Distinction of Types of
Alkaline Lamprophyres (After Rock, 1977)

Rock Type Feldepar Mineralogy Mafic Mineralogy
Camptonite Flag (Lab/sAnd) *Akf Amph+EBEio+Ti+01
Sannaite Akt 2FPlag Amph+HEi1o0+Ti1+01
Monchiguite None (1sotropic—base Amph+RBio+Ti+01

in groundmass with
with microlititic
Fesp,Feptd,etc.)
Tannbuschite Fsptd(Ne) >Fsp Amph+Bio+Ti+0]

ey

FFlag=plagioclase, Lab=labradorite, And=andesine,
Amph=barkevetite or kaersutite, Bio=biotite,

Ti=titarnauvgite, Ol=olivine, fAkf=alkali fteldspar,
Fep=feldspar, Fsptd=feldpspathoid, Ne=nepheline

Table JI.16 Chemical Screen for Alkaline
Lamprophyres (After Rock, 1977)

Major and Minor Element Criteria

Oride Weight %
5102 IB-47

TiO= <&

Al =0 820

Total Fe 15

Alkalis (each) < b

P=0e <A

Volatiles no restriction

Normative Criteria

Narmative Farameter Weight %

Ne w0

(Or 2025

01 PO

C and Wo Q

He: no restriction

(ehould be Q)
An/ (Abh+An) no restriction
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Application of the Conventional Classification L the

Coldwell Lamprophyres
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Key

o Ocellar Lamprophyre

® Amphibole Lamprophyre
® Cpx Lamprophyre

O Quartz Lamprophyre

10/
Al Minette,Vogesite Kersantite,Spessartite
;"i" ‘ - P
°
Sannaite Camptonite
(Monchiquite)
25
75
F

Figure 3.17 Q@PF Diagram for Lamprophyres after Streckheisen (1978)
with data for Coldwell lamprophyres plotted
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i this rmch.type” However , the qguartsz: lamprophyres fulfill
all of the various mineralogical and chemical criteria to  he
classified as alkaline lamprophyres {see above), so that i+
the gquarts is ignored, and these rocks are plotted onto
Figuwre .17 only on the basis of modal feldspar abundance,

then they plot as camptonites.

The poor separation among the various types of alkaline
lamprophyres, especially camptonites and monchiguites, on the
bazise of their chemistry {(Rock, 1977) has already been noted.
With application of conventional nomenclature to the Coldwell
lamprophyres {(see above), similar conclusions to those of
Rock (1277) are drawn, in that o reliable separation is
achieved among the variouws Coldwell camptoni tes aric
monchiguites by MDA (see the preceding section dealing with

MDA .
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Table 4.1 Optical and
Rock Type Size
Range
Sannaite
Fhenocryest S—15mm
Groundmass Q.2-2mm
Ocellar Lamp—
rophyre
Fhenocryst 1-Smm

Groundmass
Monchiguite

Fhenocryst 1-Zmm

Groundmass

Amphibole
Lamprophyre

Fhenooryst

Groundmass

Guartz
rophyre

Lamp-—

Fhenocryst

Groundmacss
Tinguaite

Groundmass

Q. 1-0.5mm

Q. 3—0.5mm

Q.1-0.4mm Q.

jod

Fhyesical Properties of Clinopyroxenes

7mm

Q. 8mm

3mm

Q. 2mm

1mm

Q. 4mm

4mm

O, 4mm

Imm

Emm

O0.1-0.2mm Q.Zmm

Colour

core:colouwrless

rim:pale agreen

pale green

core:variable
rim:green,pink

pale green,pink

core:variable
rim:green,pink

pale green,pink

core:variable
rim:green,pink

pale green,pink

core:variable
rim:pink,brown

pale brown,pink

deep green,yel-
low

Fleo-
chroiem

none
weak

nil-wealk

none
nil-—-weak

nil-weak

none

nil-weak

none
nil-weak

il -—weal

none
none

none

strong

Twinning

(100)
{100)

none

(100)
{100)

nane

(100)
(10Q)

none

(100)
{100)

none

(100)
(100

none

none

o
by b3

o
~

54-57

S2-62

S7-63
S6-66

(]

b
A/

£ b
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Figure 4.1a

CPX 1n Sannailites

Wo-En-Fs after Poldervaart and Hess (1951)

Di=Diopside
Hd=Hedenbergite
Sa=Salite
Au=Augite
Wo=Wollastonite
En=Enstatite
Fs=Ferrosilite

Wo

circlec—~ phenocryst cores
triangles- phenocryst rims
Cr O groundmass grains

En
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Figure 4.1b
CPX 1n Sannaites

Di=Diopside
Hd=Hedenbergite
Ac=Acmite

Ac

circles— phenocryst cores

triangles— phenocryst rime

C % s e~

groundmass grains

tid
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Figure 4.6a Tolal Fe vs Mg in Clinopyroxene
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Figure 4.6b Total Fe + Ti vs Mg in Clinopyroxene
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Figure 4.7a TiVs Total Al in Clinopyroxene

Sannaites
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Figure 4.7b 11 VS Alliv) in Clinopyroxene
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Figure 4.2a

CPX in Ocellar Camploniles

Abbreviations as per Figure 4.1a
circles- phenocryst cores
triangles— phenocryst rims

Wo

Crosses-—- groundmass graine




Figure 4.2b
CPX in Ocellar Camptonites

Abbreviations as per Figure 4.1)b

circles— phenocryst cores

triangles—- phenocryst rims
Ac

Crosses— groundmass grains

'[ 1 [}
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Figure 4.8a Tofal Fe vs Mg in Clinopyroxene
Ocellar Camptonites
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Figure 4.8p T1oOtalFe+ Ti vs Mg in Clinopyroxene
Ocellar Camptonites
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Figure 4.9a Ti vs Total Al in Clinopyroxene
Ocellar Camptoniles
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Figure 4.9b Tjvs AKiv) in Clinopyroxene
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Figure 4.3a
CPX in Monchiquites

Abbreviations as per Figure 4.1a

circles— phenocryst cores

triangles—- phenocryst rims

Wo

CroOsses— gr'oundmal:-,'s grai ne<

1224

En

Fs
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Figure 4.3b

CPX 1In Monchiquiles

Abbreviations as per Figure 4.1b

circles- phenocryst cores
triangles— phenocryst rims

, : . Ac
crosses- groundmass grains

Hd
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Figure 4.10a  Tolal Fe vs Mg in Clinopyroxene
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Figure 410b Total Fe + Ti vs Mg in Clinopyroxene
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Figure 4.11a
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Figure 4.11b  Ti vs Alliv) in Clinopyroxene {25
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Figure 4.4a

CPX in Amphibole Camptonites

Abbreviations as per Figure 4.1a

circles- phenocryst cores
triangles— phenocryst rims
Wo

crosses- groundmass grains

En T Fs



Figure 4.4Db

CPX 1n Amphibole Camptonites

Abbreviations as per Figure 4.1b

circles— phenocryst cores
triangles— phenocryst rims
e g . : Ac
Crosses qr oundmass grains
O
O

Lo

Hd
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Figure 4.12a

Total Fe vs Mg in Clinopyroxene
Amphibole Camptonites
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Figure 4.12b Total Fe + Ti vs Mg in Clinopyroxene e
Amphibole Camptonites it
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Figure 4.13a  Ti vs Total Al in Clinopyroxene
Amphibole Camptonites
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Figure 4.13b Ti vs Alliv) in Clinopyroxene i
Amphibole Camptonites
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Figure 4.5a

CPX 1n Quartz Camptonites

Abbreviations as per Figure 4.1a

circles— phenocryst cores
triangles— phenocryst rims Wo
Crosses-- groundmases grains
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Figure 4.5b
CPX 1n Quartz Camptonites

Abbreviations as per Figure 4.1b

circles— phenocryst cores

triangles—- phenocryst rims
Ac

Crosses— groundmass graing




Figure 4.14a Total Fe vs Mg in Clinopyroxene 141
Quartz Camptonites
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Figure 4.14b Total Fe + Ti vs Mg in Clinopyroxene
Quartz Camptonites
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Figure 4.15a Ti vs Total Al in Clinopyroxene
Quartz Camptonites
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Figure 4.15b Ti vs Alliv) in Clinopyroxene 144
Quartz Camptonites —_
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Table 4.3 Representative Clinopyroxene Analyses

from Tinguaites

Unzoned Unzoned Zoned
Aegerine Hedenbergite Heden—
bergite Aegerine

Onide Wt“Z Core Fim Core Fim Core Rim
5102 52.52 51.38 47 .32 47 .39 48,02 52.15
Al Z03 1.7 1.24 4.13% 2.00 4.14 2.17
Ti02 3.84 .89 1.53 1.14 1.27 3.51
Fe( 2Z.2 23,3 16.87 16.98 14. 30 22.77
MgO Q.22 Q.30 .12 6.14 7.88 Q.24
Cal 1.27 2.18 20.90 21.33 21.35 1.18
Naz2(0 14.2 14,22 1.469 1.25 1.27 14,26
F20
MO Q.63 0.56 0.61 0.74 0.38 Q.57
Cr203
Total ?&.82 97.25 99,17 Q7.99 28.61 946,85
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Table 4.4 0Optical and Fhysical Froperties of Amphiboles
Rock Type Sire Mean Col ouwr FPleo- Twinning 2V
Fange Size chroism
Sannaite
Groundmass O.3-1.0mm O.7mm br own wealk none 51-56
Ocellar Camp-
tonite
Fhenooryet 1—-Zmm 2mm core: {(red)brown moderate (100) S55-57
rim:dk{red)brown moderate (100) 29-53
Groundmacss 0.2-0.7mm O.3mm darbk (red)brown moderate none za-581
Monchiguite
Fhenooryet 1-2.5mm 1.%mm core: (red)brown moderate (100) S56—61
rim:dblk{redibrown moderate (10Q0) 45-52
Groundmascs Q. 1-0.%mm O.4mm dark (red)brown moderate none 41-38
Amphibole
Camptonite
Fhenocryst 1.5-7.5mm Smm core: (red)brown moaderate (100) S5-70
rim:db (red)brown moderate (100) I2~S6
Groundmass Q. 1-0.6mm O.4mm dari (red)brown moderate none 2334
Guartz Camp-
tonite
Fhenocryst 1-4mm 2. Smm core: (red)brown moderate (100) 54-461
rim:dk(red)brown moderate (100) S4—44
Groundmass Q. 1-0.Zmm O.2mm dark (red)brown moder ate none 2745
Tinguaite 1-3mm Imm deep blue,yellow strong none b6-76

Phenocryst
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Table 4.5 Reprazentative Analyses of Hephiboles
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Total Fe vs Mg in Amphiboles
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Figure 4.20 Tolal Fe vs Mg in Amphiboles
Quartz Camploniles
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Table 4.6 Reprezentative Feldspar Analyzes
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grdwss, lath s lath large : :grde=z, lath Pooors FiM phan,
uide WEZ lath : 1sth : 3 1ath :
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Feil (R ne3s ! f.e2 U2 & f1.2n 0.27 (.47 .24 0,00 fi.e8 o aLon 0.0 0,25
Rail ) n.ds .1z o.0o0 g.01 0,00 {1, F RN Y 0,0 oo .0 {00 0,00
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Fig#4.21 Feldspars in Sannaite
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Fig.4-22Feldspars in Quartz Camptonites
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Figs.23 Feldspars in Ocellar Camptonite
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Fig.4.24 Feldspars in Amphibole Camptonite
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Fig.4.25 Feldspars in Tinguaites
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Table 4.7 Reprasentative Blotite Aralyses
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Table 4.9 Representative Nepheline and Analcite Analyses

Rock Type Lampro- Tinguaite Tinguaite
phyre
grdmss. nepheline analcite

nepheline phenocryst

Oxide Wt%

e et S S Sttt $ire Sum o v SO St T S S Ad o it o Mt o M St e St M o B Ao v S e Yot S M gy i e ot e e e = A i " ——— ot o S o

5102 41,89 44, 65 & 54,73
Al203 32.99 F2.03 2E.65
TigzZ G.03 Q.00

FeO* Q.74 .59 : 0.09
MgO 0. 00 Q.00

Cal0 0.78 .71 =

Na20 16.11 17.25 = 11.18
K20 &.82 J.66 .09
MnO :

Sum 99.35 Q8.489 89.71
Structural Formula Based On 32 : Based On 7
5i 8.179 8.585 2.362
Al (iv) 7.595 7.361 :

Al (vi) : 1.203
Ti Q.005 a.000

Fel+ 0.109 0.085 ¢ 0. 003
Mg 0. 000 0,000

Ca Q. 163 0.147 :

Na &6.098 6.428 @ Q.933
[0 1.699 0.897 0.0Q05
Mn :

¥ Total Fe as FeO
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three nepheline phenocrysts; these are all close to

Megel s wlis.

ANALCITE

Faragenesis

Analocite occurs in all  types of dyke rocks, bubt is
volumetrically abundant only in the tinguaites (see Tables

2.1 and 2.2), in which it occurse as phenocrysts.

In the lamprophyres, analcite is ohserved most  commonly
in ocelli, where it is closely associated with carbonate
minerals. It occurs as coarse (CGa.lmm to 0.8mm), colourless,
anhedral grains of low relief, which are characteristically
isotropic. Normally, analcite is confined to the margins of
the ocelli, but, in some cases, is observed to occur
throughout; such a paragenesis is common  {e.g. Fhilpotts,
19743 Foley, 19843 Strong and Harris, 1974). The nature and
origin of the amnalcite ococwring i the ocelli will  be

discussed in detail below.

In the case of groundmass and vein ococwences, the
crystals tend to be smaller {less than O.lmm), occuring

wsingly or as irregular aggregates. Groundmass grains are
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specimen, while most constituent phases of  these rocks
exhibit pale pink-brown colow i thin section. Rarely,
translucent deep-red brown haematite is observed to occur

along grain boundaries.

Sulphide Minerals

Rare, isolated, generally anhedral grains and irregular
masses of sulphide minerals are observed in the lamprophyres.
These are recognized by white or yellow metallic lustres
under reflected light, and are generally small (0. 05mm o
less, with the exception of one large grain in an  ocellar
camptonite, Cl44, which is 1.5mm in size). Optical studies
uwsing reflected light suggests that pyrite is most  common,
with occasional deeper veallow Qrains probably being

chalocpyrite.

Commonly, however, sulphide grains exhibit alteration
which has resulted i the production of haematite, suggesting
that many such sulphide minerals have a high Fe content.
More detailed study is reqguired to characterize conclusively

the sulphide phases ocowring in these rocks.
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cryptocryestalline inclusions.

Calcite is & common interstitial phase in the
tinguattes, Ffofming small (0. 1mm or less), colourless

anhedral crystals, where it is associated with aesgerine,
nepheline, aenigmatite and zircon; however, as in the case of
groundmass calcite in the lamprophyres, crystals are normally
anhedral and accomodate the available interstitial volumes.
Uecasionally, larger (up to  1.0mm)  anhedral to  subhedral
grains are observed interstitial to nepheline and alkali
feldspar phenocrvsts:; these appear to be larger versions of
the typical groundmass calcite. Twin lamellae are generally
urcommon.  Caleocite in the tinguailtes is apparently secondary,

and is analagous to secondary calcite in the lamprophyres.

Calcite in veinlets uswally cococuwrs as  fing (0.08mm or
less), colouwrless, anhedral orystals intimately asscociated
with zeclites, chlorite, prehnite, pectolite and occasionally
epidote. As noted earlier, such veinlets commonly grade into
similar groundmass phases, and therefore apparently represent

conduits for the movement of mineralizing fluids.

Composition

Table 4.10 gives representative compositions of calcoite
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Scapolite

Scapolite ococuwrs only in the lamprophyres, primarily as
an acellar phase but occasionally in the groundmass as well.
I both cases, they resemble feldspar, and in the latter
orcwence are difficult to distinguish from that phase, hence
mary groundmass  scapolite grains may be mis-identified.
Identification of scapolite i€ facilitated by the absence of
lamellar twinning, and by its uniaxial interference figure.
fOrellar scapolite forms scaly or columnar aggregates of small
(O.1mm or less), subhedral corystals, generally along ocellar
margins, and in c;mﬁe assaciation with calcite. In some
CAsSs, scapolite appears to replace calcite. L.ow
birefringence {interference colows up to low second order,
but generally first order grey) s=suggests a low meionite
{(Ca-scapolite end-member) ocontent {(Deer et al, 1966) .,
Brouwndmass scapolite is similar in T me of mpticai
properties, althmugh crystals are generally anhedral, and
smaller (less than O.0%mm). Crvstals are commonly associated

with calcite and plagioclase.

Composition

Compositions of scapolite from an ocellus and from a
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wd

Compositions of chliorite pocowrring in the groundmass  of
a lamprophyre, and in an ocellus, arg given in Table 4.10.
Examination of these data shows that the compositions of both
chlorites are similar, such that both are unodidized
chiorites, specifically ripidolite, as defined by Hey {193534).
The weak pleochroism is an indication of the low Fe™* content
{Deer et &l, 194646). Although no chlorite replacing aegerine
in the tinguaites was analysed, the high Fe® content
inferred from the strong pleocchroism may result in chlorite
in this occurrence being an oxidized type {(e.q. thuringite,

chamosite or delessite, depending on 51 content- Hey, 1954).

Fluorite

Fluogrite occurs only as a rare ocellar phase, and then
only in relétively few nocelli (gee Table 2.1). It forms
amall (0.00mm or lese), isolated, anhedral corystals which
range in colouwr from pale to deep violet, and exhibit
characteristic isotropy in cross-palarized light. Mormally,
fluorite occurs near the margins of ocelli, where it is
usually associated with scapolite. I, as noted previously,
scapolite forms as a result of the interaction of Na-{l
bhearing solutions on calcite, then fluorite may be similarily

formed if F is a consituent of these scolutions as well.
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Cancrinite

Fale vellow cancrinite i occasionally observed as &
groundmass phase in lamprophyres and less  commonly as an
coellar phase; rims of colowless o pale vyellow cancrinite
comnanly partially or, in rare cases, completely swrouwnd

nepheline phenocryste in some tinguaites.

In the lamprophyre groundmass occurences, cancrinite
crvetals are anhedral and generally small (O, imm or  less,
although one corystal 0.5mm in sizre was observed). Al though
it is inferred to be an alteration product of nepheline, in
no case s cancrinite actually seen to e replacing

nepheline.

Oeellar cancrinite is optically similar, however ,
crystals are smaller (0.03mm or less), and sometimes occour as
aggregates; in this ocowrence it is normally associated with
scapolite. As noted above, cancrinite in the tinguaites
replaces nepheline along rvrims, and less commonly along
fractures within nepheline phenocrysts. In the tinguaites,
it dis commonly colowless, and 1is recognized by the
difference in optical properties {(e.q. stinction) relative

to the nepheline it is replacing.
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eguivalent to the haematite-magnetite buffer, and descending
as low as the FME buffer) which favour the oxidation of iron
to form Fe™* (Brousse and FRancon, 1984). Since aegirine is
observed to form rims on  hedenbergite, the implication is
that Ffo= increased during the corystallization of the
tinguaite magma, stabilizing Fe™ relative to Fe®* in  the
melt. The presence of groundmass aenigmatite, which is
characterized by stability at relatively 1w TRV QEDN
fugacities {(i.e. equivalent to the iron-wustite buffer, and
as high as the FME bufferd (Scott, 1976, therefore probably
crystallired early relative to the asgerine. This suggests
that there may have been a considerable change in the foz
conditions {i.e. from as low as those represented by the
iron—wustite buffer to as high as those represented by the
haematite-magnetite buffer) during the crystallization of the

tinguaites.

Y Amphiboles ooccurring in the lamprophyres exhibit
little compositional variation. In cases where amphibole
phenocrysts are zoned, the only clear change between zones is
a general replacement of Mg by Fe from core ta rim in
normally zoned phenocrysts, which is a similar trend to that
observed in the clinopyroxenes in  general, and those
crourring in the sannaites in particular. Az in the

lamprophyres, this increase in the Fe/Mg ratio likely



reflects a changing composition in the magma from which the

amphiboles were crystallizing.

LYy The paucity of primary hydrous phases in general, and
amphibole in particular, in the sannaites, suggests that the
sannaitic magma was relatively anhydrous compared to  the

ather lamprophyres throughout its crystallization history.

1)y Rounded and embayved cores observed in many amphibole
phenocryests suggests that resorption has ocourred. This is
probably a result of a large decrease in Fuseo, perhaps
brought about by eruption (Scott, 1980). Brooks and
Rucklidge (1273 postulate that amphibole rescorption may give
rise to a reversal in the zoning of clinopryosene, as noted
abiove., Minor zoning observed in phenocryst rim  rones  is
probably in  response  to smaller changes in  Faeo, magma

composition and/or temperatuwre (Scott, 19280).

m) In the absence of zoning i biotite, it may be
inferred from the pattern of compositional wvariation noted
amorg 2ones in other mafic phases {e.g. clinopyroxgens and
amphibole}, that more Fe-rich {i.e. annitic) crystals formed
later than Mg-rich {i.e. phlogopitic) crystals, where the two
types coexist, reflecting changes in the Fe/Mg ratio of the

MAQGMA .
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f
rn) The pattern of zoping observed in olivine, from
Mg-rich cores (Foeo) to relatively Fe-rich rims (Fomm? i
consistent with the increase in Fe/Mg exhibited by the other

mafic phases.

o) Where present, olivine has undergone rtensive
resarption. It ig possible that - some completely
pseudomorphed phenocrysts in various lamprophyres represent
conpletely resorbed olivine, so that this phase may have
originally crystallized in abundance. As a result of changes
in temperature, pressuwe and/or  magma composition, olivine
ceased to be an eqgquilibrium liguidus phase and underwent
resorption. The extent of the resorption may be & result of
sxtbireme disequilibrium brought about by & high degree of
undersatwation of the coesxisting liguid with respect to
olivine components (Donaldson, 1971), although the exact
mechanism {e.g. change in  temperature, pressuwre and/or

composition) causing this is not clear.

p) Guartz is a primary phase in the guarts: camptonites.
As noted in Chapter 3, these rocks are distinct from  the
other lamprophyres in terms of their whole rock major element
chemistry, and, as noted previously in this section, are also
distinguished on the basis of their clinopyroxene

I

composition. The presence of primary gquartz  in these
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CHAFTER - TRACE ELEMENT CHEMISTRY

WHOLE ROCK TRACE ELEMENT CHEMISTRY

A representative suite of the wvarious types of dyke
roclks was analysed to determine the abundance of 24 trace
elements including 3 alkaline elements Li,Rb,Cs), 2 alkaline

earths (Sr,Ba), 10 transition elements {(Sc,Or,lo,Ni,Cu,Y,Ta

Ny, Zr JHfY, 8 REE {La,Ce MNd, Sm,Eu,Th, Yk, Lu} and Th.
Analytical methods are detailed in  Appendix A Table S.1

presents representative compositions of each type; a +ull

listing of these data is given in  Appendix R, Table 3.2
‘lists descriptive statistics for the trace &l ement

compositions of each type of dyke.
Behaviour of Trace Elements .

Frior to discussing the distribution of trace elements
in the Coldwell dyke rocks, it is  important to define the
terminology emploved below. Completediscussions  are  given
in Mackntire (1963) and Arth (1974). In particular, trace
‘elements tend to exhibit either compatible or incompatible
behaviowr, such that compatible elements tend to concentrate
in the solid phase, and incompatible elements in the

liguid phase, given a liguid from which solid phases
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crystallizing MacIintire, 1H&EEY . This behaviowr i

quantified by D, the distriution coefficient:

Filmwita

[T U p———

[idisgquia

where i is the element under consideration (Villemant &t  al,
1981y, Incompatible elements have D values < 1, while
compatible elements have D values > 1. An element which
exhibits a D value << 1 throughout the crystallization of &
magmatic series is termed hygromagmatophile (Treuwil et al,
1979y, However, the I wvalue for & given element varies
depending upon the mineral phase in  guestion. The bulk
distribution coefficient, Dw, which is a function of the D
values of all coexisting phases for a given slement, is given

bays

Db &= M:}_Dg_ -+ 3'5_1D__-) S S }(nDn

where », and Dy are weight fraction of phase 1 and the D
value of the element in guestion in phase i, %3 and Dy are
similar wvalues for phase j, and phase n is the last phase

(Arth, 1976).



General Observations

A number of general chservations concerning  the whole
rock trace element chemistry of the various dyvke rocks are

tdiscussed in the following section:

a) Table .1 shows that the tinguaites are distinct from
the lamprophyres on the basis of the abundance of virtually
all trace elements. Specifically, the tinguaites are
eniriched in RbhyHf;Zr,Ta,Nb,Th,Y and the REE, and depleted in
Ba,Sr,8c,C0,0r Ni, and, to =& lesser extent, Cu  and Pb,
relative to the lamprophyres. Theretore, the tinguaites are
enriched in terms of incompatible elements, and depleted in

terms of compatible elements, relative to the lamprophyres.

B There is no apparent systematic varation of ki and Cs

among the various types of dyke rocks.

¢) The guartz camptonites are depleted in terms of the
LREE, as demonstrated by low La:¥Yb ratios, and, to a l@ésﬁr
axtent MREE, and exhibit low total REE, relative to the other

lLamprophyres.

) The amphibole camptonites tend to exhibit higher



total REE than the other lamprophyres.

ey There is considerable variation in the abundance of
Ba, Cr, and, to a somewhat lesser extent FRbh and S among

individual specimens of each type of dyhke.

£} In terms af their 5- content, tingusites are of two

o

distinct types— those represented by specimen 12 (see Table

:

4.1, which exhibit low S abundances (& examples), and those
represented by specimen 11, which have much higher Sr

abundances 4 examples). Tinguaites displaving higher &

abhundances also tend to have low total REE, and vice versa.

Variation Diagrams

Variation diagrams are given for the trace elements in
order to examine the behaviour of these elements among the
variouws dyke rocks. Diagrams were constructed by plotting
the logarithm of the concentration of each element against
the logarithm of the concentration of & hygromagmatophile

alement {La).

l.og Element-~Log La Diagrams

l.og—-log variation diagrams portray the behaviow of
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mixnirg is indicated by a concave downward ocurve {(Cocherie,
1986, Villemant et &l {1981) use similar log-log diagrams
to define the various stages i the orystallizaton seguence
of the volcanic rocks of the Chaine de Fuys, France, such
that distinct breaks in the slope of the lines on  the
diagrams are observed, corresponding to changes in the type
arnd abundance of crystallizing phases. These changes in
slope reflect changes in the D for the various elements
obiserved. Other authors (€. Treuil and Varet, 19735
Allegre et al, 1977) have used log-log diagrams for wsimilar

pUrposes.

In order to examine the relationships among the various
Coldwell dvyke rocks, and to infer possibly something of the
procesees which may have operated during their genesis,
log-log diagrams have been constructed {see Figures 3.2 to
H5.24y, in which the logarithm of the concentration of each
trace element is plotted against the logarithm of the
concentration of an index element which is assumed to exhibit
nearly hygromagmatophile behaviour, and will therefore
function as an indicator of the degree of orystallization or
fusion if these rocks are related as ane or @sore magmabtic
series. La is chosen as the index element, for the following

reEsanrss



Table 5.3

Element

L.i
Rt
Sc
Co
Cr
INi
Cu
H+
Zr
Ta
Nk
Ba
S
Th
¥

Fb
Ce
Nd
Sm
Eu
Th
Yb
Lu

Correlation Statistics

Variation Diagrams

Fearcon s

O
Q.
0,
—0.
=i,
=0
-~
Q.
Q.
Q.
Q.
),
U
0.
(R
Q.
Q.
O.
1,
0.
Q.
Q.
O.

113
649
585
531
&2
545
4 &4
7 &G
TE7
801
Q4E
4573
474
&2E
758
277
934

R
A

764
568
636
671

£ T r

P PR

Standard Error
of Estimate

Q.63
Q.45
Q.22
Q.54
0,49
O.47
0.52
0. 34
Q.15
0.04
Q.05
Q.73
QL &
O.4%
0. 44
Q.61
0,02
0. 05
Q.05
0.09
Q.09
0,11
0.17

for Trace Element

Slope

—&. 32
0.87
3. 54
-Q.94
~10,. 432
~4.11
0. T4
1.24
1.1%
4.67

1.03

—2. 50

—3. 60
1.2
.88
4,52
1.02
2. 13
1.34
Q.63
Q0,47
Q.89
1.98

Intercept

.45
0.74
2.354
2.13
@.43
5.88

5 ey
e -

.85
Q.
0,02
Q.98
4,96
&o 84
-0, 21
-0, 11
—1.4&
1.29
1.05
—Q.12
-0.79
-1.27
-1.19
—-2.89

Wy
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&) la will tend to be incorporated into orystallizing
apatite. However, this phase is not volumetrically important
in the Coldwell dyke rocks {(see Chapter 2 and Table 2.1,
ancd dogs not occwr  as  phenocorysts, so | there idis little
evidence to suggest that either phase has control led
fraatimnatian to any significant degree. It is reasonable to
assume that la was not significantly fractionated as no other
minerals for which Do is close to or greater than 1 are
observed. Thus, La behaved as a hygromagmatophile element in

all of the Coldwell dyke rocks.

b)) La correlates well with a number of other trace
elements. Table 5.3 lists amrréiatimn statistice for the
variéu% trace element-La carreiatimnﬁ.b Examination of this
table shows that La exhibits strong linear relationships with
fe, Nb, and to a lesser extent Sm, Nd, ¥, Ta, Zr, Th, Th and

Eu.

¢) Bince e, Nb, and Th have besen observed to exhibit
hygromagmatophile behaviouwr (Allegre et al, 19773 Villemant
et al, 1981i; Cocherie, 198&), the strong linear relationships
hetween these elements and La, with Jﬁlmpeg close to unity
{see Table 5.3), noted in (b) above, indicate  that  the
ratic of the concentrations of these elements to the

concentration of La is nearly constant throughout the



ey

evolubtion of the wvariouws dyke rocks. Theretoare, this
supports the suggestion that La is hygromagmatophile in  the

case these rocks.

) La is generally immobile during secondary processes,
including hydirothermal {(Michard and Albarede, 198 Stwohio
et al, 19884} and low temperature (Michard and Albarede, 1988)
alteration. Theretore, the observed La abundances are likely
representative of the original concentrations. Use of La as
the index variable, therefore, will, to some extent, offset

the effects of secondary processes.

A number of general observations are made concerning

these diagrams:

a) The logarithms of the concentrations of Ba, Sr, 8Sc,
Co, Cr, Ni, Cu and Li exhibit negative correlations with the
logarithm of the concentration of La. The strength of the
relationship varies from very weak to moderate {(see Table
S35 With the exception of Li and Cr, for which there is no
clear pattern, the lamprmphyTEﬁ are  erriched in these
elements relative to the tinguaites. Of these elements, o,
Co, Cr and Ni {and Ba and S during the orystallization of

feldspar) are compatible {(frth, 1976).



FEY TO FIGURES 5.2 TO 5.24

Coldwell Dyke Rocks

filled circles- sannal tes

open stars- guartz camptonites
filled triangles- ocellar camptonites
filled stars— monchilgul tes

filled squares-— amphibole campltonites

opeaern circles-— tinguaites
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Fig. 5.22 Log Lu vs Log La Fig. 5.23 log Thvs Logla
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a) Figwes .25 to 5.321 emphasize the general depletion
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