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Abstract —The results of X-ray diffraction, DTA, i.r. spectroscopy, and chemical tests are presented
for some chlorites typical of the Flagstaff Hill area. The area is notable for the large variety of chlorite
types- occurring in considerable quantities. Chlorite, in this area, is found as veins, as pseudomorphs,
and as individual crystals. Textures vary from massive, fine-grained aggregates to books which are
more than 20 mm in width. Crystals more than 5 mm in size occur in parallel groupings at rock inter-
faces. Judging from 45 chlorite samples studied, sheridanite is most abundant; clinochlore and
ripidolite are common. Penninite and its Cr—chlorite equivalent are less abundant. The parent rock is
an irregularly shaped ultramafic body surrounded by low-grade schists and located very close to a
granodiorite stock. The original ultramafic rocks have been highly altered by metamorphism and
metosomatism into assemblages comprised mainly of serpentine, talc, hornblende, and chlorite with
relics of olivine, pyroxene, and other less abundant original minerals. Much of the exposed rock is
essentially monomineralic, mostly consisting of various polytypes of serpentine. Preliminary investiga-
tion indicates that the area merits much more study because of the opportunity for readily observing
the various chlorite types and determining their genesis, alteration sequences and weathering charac-
teristics. The area, being easily accessible, could also serve as an adequate source for samples to

be used as reference standards.

INTRODUCTION

ALTHOUGH the investigation of the chlorite
minerals of the Flagstaff Hill area is in its pre-
liminary stages, the results thus far are presented
for the following purposes: to suggest the area as
an adequate source for chlorite samples usable as
reference standards; to propose that the area should
be fruitful for information on the genesis, alteration,
and weathering characteristics of the different
chlorite minerals; to describe unusual serpentine
minerals present and show that they bear further
investigation. The first purpose is considered
important because it has been difficult to secure
good samples of the different chlorite types in the
United States, especially in the West, although
most of the more common clay minerals are readily
available in rather pure form.

The chlorite types are discussed below under the
headings of the principal investigation procedures
including differential thermal analysis, i.r. spectra,
and X-ray diffraction. The minerals, other than
chlorites, will be discussed briefly. A few thin
sections, studied for a preliminary understanding
of the history of alteration of rock, provided no
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means for distinguishing between the chlorites.

Names used herein reflect a tentative classifica-
tion of the chlorite types devised for this
investigation

Location and access

The study area is in western El Dorado County
about 25 miles northeast of Sacramento, California
(see Fig. 1). Access is by partially paved road from
the village of Pilot Hill. The valley west of Flagstaff
Hill was inundated in 1956 to form Folsom
reservoir.

Flagstaff Hill, part of the low foothills of the
Sierra Nevada, is characterized by a rough, hilly
topography with a maximum local relief of about
300 ft. Hilltops are approximately 1450 ft above
sea level. The semi-arid climate has resulted in
adense cover of manzanita, scrub oak, and chamisal
(Adenostema).

Previous work

The mining history and mining geology of the
area have been described by Wells et al. (1940)
and by Cater et al. (1951). Attention was first called
to the chromite deposits in the general area about
1853, and during 1892 a few pockets of chromite
were worked. There was profitable mining of
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Fig. 1. Location of the Flagstaff Hill area, El Dorado
County, California.

chromite from 1915 to 1918, and mining was
resumed during 1936 after construction of a con-
centration plant and continued to 1946.

Both Wells et al. (1940), and Cater ef al. (1951)
mention the chlorite schists in the area. Sur-
prisingly, kammererite is the only chlorite type
listed for the area in the most recent edition of
Minerals of California (1966). A report on contact
metamorphic effects on an ultramafic body in the
vicinity of the present area has recently been
published in abstract form by Springer (1971).

Geology

The chlorite occurs in a north-northwest
trending, steeply eastward dipping, approximately
tabular body of ultramafic rock about 3/4 of a mile
wide and 4 miles long. The various mineral
assemblages within the body include the alteration
products —serpentine, talc, and various chlorite
polytypes.

The ultramafic body, in which chlorite and other
products of its alteration are found, is one of a
number of “Alpine type” tectonically emplaced
bodies found along a major fault zone in the Sierra
Nevada foothills. Here, the ultramafic rocks are
surrounded by low-grade metamorphosed (green-
schist facies) andesitic volcanic rocks (Middle
and Upper Jurassic Amador Group) and slate
(Upper Jurassic Mariposa Slate). Metamorphism
and deformation took place during latest Jurassic
or early Cretaceous time, with the ultramafic body
probably being emplaced during this deformational
episode.

The ultramafic body contains abundant olivine
and pyroxenes. Sufficient relics attest to the pre-
alteration rocks being peridotite, dunite and
pyroxenite, Chromite is an abundant accessory
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in these rocks. Dioritic dikes within the body have
been metamorphosed to assemblages of actinolite,
oligoclase and epidote.

Unlike ultramafic bodies elsewhere in the foot-
hills, this one is in close proximity to the Folsom
granodiorite pluton, undoubtedly part of the
Cretaceous or latest Jurassic intrusive series which
presently underlies the greater part of the Sierra
Nevada (Bateman and Wahrhaftig, 1966). It is
reasonable to attribute the unusual mineral assem-
blages in part to the contact metamorphic, meta-
somatic and hydrothermal effects from the nearby
pluton.

The most abundant and pervasive alteration
product in the body is serpentine, derived from
olivine and pyroxene. In thin section, some of the
serpentine can be seen to have partially replaced
olivine preferentially along more susceptible
crystallographic planes. Attesting to mobility of its
constituents, some serpentine occurs in veins in
which the long axis of the mineral is normal to
vein walls.

Complex alteration of the body has involved
silification, steatization, chloritization, and carbona-
tion (resulting in magnesite). More work is
necessary to determine the degree of influence to
the present assemblages of the probable geologic
events subsequent to the ultramafic body’s
emplacement and the intrusion of dioritic dikes.
These events include: low-grade regional meta-
morphism; contact metamorphism and meta-
somatism associated with granitic intrusion; and
subsequent hydrothermal emanations from the
cooling pluton.

Gillery (1959) has suggested that under certain
conditions serpentine may be an intermediate
phase and chlorite a more stable end product
of what is regarded as the serpentinization process.

CHLORITE MINERALS

The chlorite minerals vary in form, depending
upon whether the chlorite represents in-place
alteration of rock, vein replacement material, or
crystal growth in seams. The observed chlorite
morphology includes platy and blocky chlorite as
replacement material (e.g. sample 15 and sample
38), books in veins with books normal to vein walls
(e.g. sample 5), crystals in vesicular seams (e.g.
sample 27), and matrix containing chromite
(e.g. sample 3) (see Table 5 for description of
samples.)

The size of chlorite books varies from very
fine-grained masses to more than 20 mm in width,
and individual crystals more than 6§ mm across.
Some seams of platy chlorite are more than one
meter wide.

Ripidolite and Cr~chlorite can wusually be
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differentiated by color, unlike sheridanite, clino-
chlore, and penninite which cannot ordinarily be
distinguished visually. Discussion of the charac-
teristics of chlorite types as determined by the
several methods of analysis follows.

Differential thermal analysis. Air-dried chlorite
samples were crushed to material passing a No.
200 sieve. Thermograms were made using a DuPont
900 Thermal Analyzer. A heating rate of 20°C
per min through a range from room temperature
to 1125°C was used with an alundum reference.
A T-scale of 2mV per in. and a AT scale of 0-02
mV per in. were used. For this investigation
samples weighing about 0-08 g were firmly packed
in platinum crucibles which were then placed
in the heating elements so that they rested on the
thermocouples. The apparatus was calibrated by
using internal standards at the given heating rate.

The four types of chlorites tested appear to be
clearly differentiated by this method of investiga-
tion, except in the region of the sheridanite—
clinochlore classification interface. Typical thermo-
grams for the chlorite types are shown in Figs. 2
and 3. The penninite (curve A) and ripidolite
(curve B) samples, Fig. 2, give comparable reaction
intensities but different patterns. Clinochlore
(curve A) and sheridanite (curves B and C), Fig.
3, also give comparable reaction intensities but,
again, quite different patterns. The sheridanite
sample gives an additional endotherm at about
810°C. The endothermic reaction which occurs
from about 625°-690°C actually appears to consist
of two possible reactions. Which predominates
appears to depend in part on the morphology of
the chlorite and, hence, on the sample grain size.
There appears to be little consistent data available
from the results of differential thermal analyses of
chlorite minerals. This is largely because of the
lack of standard testing procedures. Heating rates,
sample particle size and density, and procedures
for recording peak position all may vary.

Differential thermal data for six chlorite types,
investigated by Calliere and Henin, are given by
Mackenzie (1966), and additional data are given
by Grim (1968). Differential thermal data for 10
samples, representing 4 chlorite types, are given
in Table 1. All temperatures given are those of
the peak temperatures and not the commencement
of the peak. The exothermic reaction peaks
observed for the chlorite samples from Flagstaff
Hill area appear to be significantly higher than
those given by Mackenzie (1966) and Grim (1968),
but only slightly higher than those given by Martin
(1955). This discrepancy may be due to the heating
rate used (20°C per min) being higher than the more
customary rate of 10°-15°C per min. It has been
observed that these chlorite minerals are very resis-
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Fig. 2. DTA curves for A—penninite, sample 4; B—
ripidolite, sample 31.

w
PR P N Y NS PSR GO BNO NI

g f\f\/vfﬁ

[ N I I W ISP Y P W

lo

| S IS ST IR U S
800 800

PR N NS N B
200 400

Temperature, °C

Fig. 3. DTA curves for A —clinochlore, sample 38; B—
sheridanite, sample 15; C-weathered chloritic *“soil”,
sample 25.

tant to heat treatment, X-ray basal reflection inten-
sities being scarcely diminished upon heating of
samples to 550°C.
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Table 1. Differential thermal data for four chlorite types

Sample Type Endothermic peaks Exo. Endo.
°Cr.i* °Cr.i. °Cr.i. °Cr.i. °Cr.i. °Cr.i. °Cr.i °Cr.i.

4 Penninite — — — 655s — 855m 880s —

1 Penninite — — — 655s — 855m 875s 890 w
38 Clinochlore 120 w 240fF 640 m 690 m — 865 m 890 w 900 w
42 Sheridanite — — 645 m — — 865 m 890 w 905 w
15 Sheridanite — — 625w 685w 810m 865 w 890 w 900 w
17 Sheridanite — — — 690 s 790 m 860 w 885w —
25 Sheridanitet  135m 245f 630w 680 m 810 m 855 m 885w —
13 Sheridanite 115w — 625m 675w 810 m 865w 890 m —

9 Ripidolite -— — — 665 s — 845f 865 s —
31 Ripidolite — — 635s —_— — — . 860s —

*r.i, —relative intensities; s — strong; m —moderate; w— weak; f—faint.
+Weathered chlorite material consisting of unaltered plates of sheridanite in a matrix of altered material.

The additional endotherms which occurred
from 115°C to 135°C (Table 1 and Curve C of
Fig. 3) for some of the chlorite samples may be
attributed to adsorbed water because none of the
samples were preheated, nor were they subjected
to humidity control. All data below 200°C should
be disregarded with respect to the chlorite mineral
characterizations. The weathered chlorite material
(curve C of Fig. 3) consists largely of unaltered
plates of sheridanite in a matrix of altered material,
referred to as “soil”. The sample was about 18 in.
below the surface of the ground and contained
numerous rootlets.

I.R. absorption spectra. The chlorite samples
used to obtain ir. spectra were air dried and
ground to particles passing a No. 200 sieve. No
additional grinding was done even though many
investigators, such as Lyon (Chapt. VI, Rich and
Kunze, 1964), have cautioned against poor results
being obtained when the wave length of light
approximates mean particle size. A portion of
sample 4, passing a No. 200 sieve, was additionally
ground in an alcohol bath continuing the grinding
until the material dried, then repeating the process
two more times. Three of the rather weak absorp-
tion peaks were slightly enhanced by the additional
grinding, otherwise no change in the spectrum was
observed. I.R. absorption spectra were obtained
using potassium bromide discs containing about
0:15% of the sample.

A Perkin-Elmer 337 grating i.r. spectrophoto-
meter, having a light frequency response varying
from 4000 to 400 cm™ (wave Nos. from 2-5 to
25-0 um) was used. Machine settings combined
fast scan rate using normail slits with an air-reference
beam attenuator. The amount of peak drift due to
the use of the rapid scan was determined with the
aid of a standard polystyrene sample spectrum.

The i.r. spectra, which appear to be typical for

the four types of chlorites from the Flagstaff Hill
area, are shown in Fig. 4. The spectra represented
by the curves include: curve A —sheridanite,
sample 15; curve B —ripidolite, sample 31; curve
C —clinochlore, sample 38; and curve D-—
penninite, sample 4. The Cr-chlorite spectrum
was observed to be similar to curve D, the spectrum
for penninite.

L.R. absorption data are given in Table 2 for
eight chlorite samples which are believed to be
typical of the Flagstaff Hill chlorite series. It
appears that each chlorite type may be differentiated
by its distinct spectral pattern in this manner,
except in the region of the sheridanite-clinochlore
classification interface. It can be seen that generally
clinochlore is differentiated from sheridanite in
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Fig. 4. The i.r. spectra in the region 8-3 to 25 um for A —
sheridanite, sample 15; B—ripidolite, sample 31; C—
clinochlore, sample 38; D — penninite, sample 4.

https://doi.org/10.1346/CCMN.1972.0200504 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1972.0200504

275

THE CHLORITE SERIES

“Jurey — 3 {yedam — M (9JBIdpOW — W (Juoxs — S :uondIiosqe Jo 32159p 9ANB[OY 4

8-cC £0¢ cl-6l -Gl -zt sy-0r 2001 IS-6 76 wrf

S8EY MmEey  MELS — S LY9 — Iri8  sLS6 $866 WTCOl1 JE80T (WO JUOYS-I) €
8-¢C $-0C -6l 81-81 gyv-s1 L1l Sy-01 7001 96 76 wr

S8y JO6r MeETS  JOSS S 89 — JTT8  siS6 $866 WORQI J§801 . wd uIuuad 4
0-¢C Ci-61 (48} ¥e-st 12-¢1 LrTl 9v-01 T1-01 156 £T-6 wrl

Spey — JETS  JTES  s9€9 w /S MTI8 sEC6 S$886  JTSOI M €80l WO 3Io[ydoul) 8¢
0-¢C Zl-81 cest 6I-€1 #1271  Sp-01 ZI-01 ¥9-6 6 wr!

spev — - JT6S SS9 wgsL MpTR S /[S6 $886  JLE0l M G801 WD IUEPLIYS (44
62 $6-L1  €I-S1  I1TEL §O-TI Ti-01 wd

SLEV — — MLCC w9 w/i6l  JOE8 - S 886 — — WO JIUepLIdYS S
0-¢T L1T S1-81 r4AlY! 61-¢l P1-C1 ¢1-01 urr

sgey 309 - JIss w/ ¢9 wgeL  J¥I8 — $ 686 — — WO ojuRpLIsyg LT
[ 74 1-z¢ §C-81 re-Sl §T-El ¥i-¢l 91-01 w6 wr

SSTr  Jesy — weys wge9 wesL I8 — S 86 — jvg01 U ajopidry (43
S-€C 0-2¢ Z1-81 LTSI 91-¢1 v1-Cl S1-01 wrf

LR Y4 A XY 4 — wees weee w9l Jri8 — +5 §86 — - o ajopidry I¢

uondiosqe Jo 92139p 9Ane[a1 pue ‘(W) YPSustorem (;,_wd) Aousnbaig AdA T, sjduwreg

Ju91u02 1§ Jursealsul Jo 1apIo ur pafuerre ‘sajdwes JUIOYD Ut spueq uordiosqe *1'1 JO SUOISOd 7 d[qeL.

https://doi.org/10.1346/CCMN.1972.0200504 Published online by Cambridge University Press


https://doi.org/10.1346/CCMN.1972.0200504

276

the region of 9-2 pm wavelength, and that penninite
gives another distinct pattern. These resulits are
comparable to spectra observed by Tuddenham
and Lyon (1959) for chlorite minerals containing
varying amounts of Al and Si in tetrahedral posi-
tions in the crystal structure of a magnesium
chlorite series.

It appears that sheridanite can be differentiated
from ripidolite in the spectral region of 18 um
wavelength by the absorption intensity observed,
and that penninite is differentiated by a shift of
the spectrum in the region of 15-0-15-5 um, as
observed by Stubican and Roy (1961).

A method has been suggested by Tuddenham
and Lyon (1959) for the determination of the
total iron content of chlorite minerals from the
wave length of the strong absorption band nearest
10 wm. The frequency of this strong band decreases
as the radius of the ion linking the SiO, tetrahedra
increases (Saksena, 1961). The usefulness of the
method was limited for the chlorite samples investi-
gated because the strong absorption band near 10
um was quite broad. According to Saksena (1961)
the 10 um band includes modes from two group
species; symmetric Si-O stretching vibrations,
and asymmetric Si—O stretching vibrations, which
are near the same frequency, giving rise to a broad
absorption band. The absorption band near 9:2
um may be a mode from a third group species; a
doubly degenerate Si-O stretching vibration. As
observed by Tuddenham and Lyon (1959), clino-
chlore and penninite can generally be differentiated
from sheridanite and ripidolite by the presence
of an absorption band near 9-2 pum, when there is a
substitution of Al for Si in tetrahedral formula
positions of about 1-2-1-3.

The i.r. spectra observed for chlorite minerals
included moderate to strong absorption peaks
at about 2-82, 2-92 and 6-14 um. The first two
peaks are attributed to O-H stretching bonds and
the latter is attributed to H,O bending bonds
(Lyon, 1964). The absorption spectra observed
in this region were strong in every case because
the materials were not oven dried.

There has been considerable difficulty in
differentiating between sheridanite and clinochlore
chlorite types, as will be discussed in the following
section. The i.r. absorption spectra for the chlorite
types herein classified as clinochlore appear to
match rather well the data given by Veniale and
van der Marel (1969) for clinochlore.

X-ray diffraction. The chlorite samples were
prepared by reducing air dried material to par-
ticles passing a No. 200 sieve. Generally, the
material appeared to be rather insensitive to the
effect of grinding. The diffraction peak intensities
were affected far more by chlorite type than by size
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of books or sieve size used. Pressed powder
samples of ripidolite and sheridanite tended to -
give comparable (002) reflection intensities, as
did clinochlore and penninite; however, the latter
two comparable intensities were only about three-
fourths as high as the former. Generally, powder
samples of chlorite which were loosely packed
gave basal reflections having about one-half the
intensity of the densely packed (pressed) material,
and samples oriented on glass slides gave basal
reflections about 1-5 times that of the pressed
material. The data listed in Table 3 were secured
using very loosely packed powder samples.

A Picker X-ray diffractometer was used with an
ordinary scan rate of 1°26/min and with a rate
of 1/4°260/min for more precise measurement
of reflection spacings. A 1° divergence slit and 1°
scatter slit were used in conjunction with a 0-002
in. receiving aperture. Nickel-filtered copper
radiation was used.

The results from typical diffraction patterns for
four different chlorites are given in Table 3.
Machine settings included a count rate of 400 cps,
with a 3 sec time constant, except for more precise
measurement of basal reflections and (060)
reflection spacings. The spacing and relative
intensity of the first five basal reflections were
determined using a count rate of 2000 cps, with a
1 sec time constant, and the spacing of the 060 and
00-10 reflections were determined using a count rate
of 400 cps, with a 3 sec time constant, each with a
scan rate of 1/4°2 6/min. The reliability of d-values
presented to 0-0001 A were established by using
a 0-002 in. receiving aperture in combination with
slow-speed scan. The goniometer alignment and
powder position were checked at regular intervals
using quartz as an internal standard. The position
of the basal reflection orders with respect to
increasing diffraction angle was also helpful. The
a, reflections also need to be considered when
multiple reflections are encountered as the diffrac-
tion angle exceeds about 30°26. The d-values
given in Table 3 are considered accurate to within
0-001 A, except for the d(060) and d (00-10)
values which are considered accurate to within
0-0002 A.

It can be seen from Table 3, and Table 5,
that each chlorite type has a distinct set of basal-
reflection relative intensities, helpful in identifying
the chlorite type. The (Zo+ Loon)/lioos) ratios,
and the o3/l 05 ratios, for the chlorite samples
are given in Table 5. Thus, using the procedure
given by Petruk (1964), it is possible to determine
the number of heavy atoms, predominantly Fe,
in the unit-cell octahedral layers of the chlorite
samples. Although nearly all of the chlorite
samples appear to have asymmetrical distribu-
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Table 3. X-ray powder data observed for four chlorite types

Sample 31 Sample 15 Sample 38 Sample 4
Ripidolite Sheridanite Clinochlore Penninite
Indices d(A) 1 d(A) 1 d(A) 1 d(A) 1
001 14-14 54% 14-16 787 14-19 31t 14-31 68t
002 7-071 148+ 7-080 1471 7-094 501 7-156 1031
003 4-714 437 4-720 72% 4-729 31t 4-770 741
020 4-640 3 4-621 4 4-614 7 — —
110* — — 4-607 8 4-602 9 4-607 7
004 3-535 89+ 3-540 967 3-547 397 3-578 64t
005 _ 2-828 227 2-832 4371 2-838 287 2-862 361
131;202 2-597 13 2-585 12 2-583 12 2-587 9
132; 201 2-558 9 2-544 15 2-540 20 2-544 19
132;203 2453 9 2-439 13 2-438 17 2-447 17
133;202 2-387 9 2-381 10 2-381 10 2-386 11
006 2-357 2 2-360 3 — — — —
133;204 2-263 8 2-259 8 2-260 9 2-263 9
134; 205 2-070 3 2-068 3 2-070 2 2-076 3

007 2-020 4 2-023 11 2027 8 2-044 13

135,204 2-006 14 2-001 18 2-004 19 2-009 22
135 1-883 7 1-883 6}

206 1:886 7 1-880 7 1-875 5 1-886 7
136; 205 1-823 5 1-821 4 1-821 6 1-827 6
310; 240* 1-748 2 — — 1-739 2 1-742° 3
136; 207 1-727 3 1-714 2 1-717 4 1-727 3
137; 206 1-661 5 1-659 4 1-664 5 1-668 5
137,208 1-563 11 1-564 14 1-564 11 1-572 17
060; 330* 1-5477 6 1-5401 8 1-5393 12 1-5384 6
062;331 1-510 2 1-502 4 1-502 3 1-508 2

063+ — — 1-464 2 1-461 2 1-464 3
0,0,10 1-4141 11 1-4159 6 1-4188 5 1-4311 6
064+ 1-401 3 1-404 2 — — 1-415 3
208+ 1-391 10 1-391 15 1-393 13 1-404 14

*Indices suggested by Lister and Bailey (1967).

tData using high count rate, slow speed scan.

tion of the heavy atoms in the two types of octa-
hedral layers comprising the unit cells, the ripidolite
and sheridanite samples from Flagstaff Hill area
are readily differentiated from one another and
from the clinochlore and penninite samples by the
observed (/o + Li0os)) /003 ratios.

A typical diffractogram for clinochlore from the
Flagstaff Hill area, sample 38, is shown in Fig. 5.
The powder sample was scanned from 4° 2 6 to 68°
268 at a rate of 1°26/min. The first 34°2 6 of the
scan, which only included five very strong basal
reflections, is not shown on the diagram. It is neces-
sary, because of strongly preferred orientation in
the loosely packed powder, to scan the high-angle
side of the (003) reflection at slow speed to
observe the (020) and (110) reflections. The data
for the entire scan are given in Table 3.

More X-ray diffraction peaks were resoived than
are ordinarily listed for chlorite minerals, such as

in the tabulation by Brindley (Chapt. 6, Brown,
1961). Also some of the multiple reflections are
separate, as with the (135) and (206) reflections
for sheridanite and clinochlore, which ordinarily
are shown to be combined as a single peak. A
number of additional reflections at higher 26
angles also appeared to be multiple reflections;
however, no further investigation was made
because of the broadness and relatively low
intensity of these reflections. For example, the
(060) reflections for penninite and clinochlore were
partially obscured by the (330) reflections, and
possibly (330) reflections. Figure 5 was presented
in part to show the problems involved in identifying
the multiple and weak chlorite reflections. Where it
is conventional (Grim, 1968) to show only 3
reflections between the 1-82 and 1:57 A reflection
others, such as Steinfink (Borg and Smith, 1969),
show as many as 9 reflections in the same spacing
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Fig. 5. X-ray diffractometer trace for clinochlore sample 38, from 34°26 to 68°26, using
a scan rate of 1°26 and count rate of 400 cps, time constant of 2 sec, 1° divergence and
scatter slits and 0-002 in. receiving aperture.

for some chlorites. Some of the possible additional
reflections also are given by Lister and Bailey
(1967). According to Bailey (personal communica-
tion) the chlorite series from the Flagstaff Hill
area all appear to be of the common IIb structural
type.

The 45 chlorite samples were classified according
to Foster's scheme (1962). The Fe/(Fe+Mg)
ordinate values were determined using the pro-
cedure developed by Shirozu (1960) whereby
the (060) reflection spacing is precisely determined.
The abscissa values, for formula positions occupied
by Si, were found using the relationship, developed
by Brindley (1961), between the structural posi-
tions occupied by Si or Al, and the computed

(001) basal reflections. The first order basal
reflections were calculated from the 5th and 10th
order basal reflections which were precisely derived
with the aid of slow-speed scans.

The classification of the chlorites is shown in
Fig. 6. An additional sample of penninite, which was
also classified, is presented to show that the
penninite samples are also of variable composition.

Correlation of the results of differential thermal
analyses, i.r. spectra, and X-ray data suggest
that for these chlorite minerals Brindley’s relation-
ship, between Al content and (001) basal reflec-
tion spacing (Chapt. VI, Brown, 1961), gives a
reliable classification. However, the results of
differential thermal analyses and infrared spectra

100 T T T T T T | — T
Thuringite Chamosite
080 R
o 060F Ripidolite Brunsvigite Diabantite ﬁ
E
+
N(I 04C - +? -
&é e e _——
020 + $"‘$&+ N ..
o JE R
Sheridanite Clinochlore Penninite
000 | | L N . I 1 1
2:00 2:40 280 320 3-60 400
Formula positions occupied
IARDAE AARRERRRAN RAARE! T After Brindiey (1961)
1410 1420 1430 (modified)
door» R

Fig. 6. Classification of the chlorite types using the scheme proposed by Foster (1962).
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Table 4. Chemical analyses (percentage) of four typical chlorite samples

from Flagstaff Hill area

Sample 31 Sample 15 Sample 38 Sample 4

Ripidolite Sheridanite Clinochlore Penninite
SiO, 25-8 279 30-5 339
AlLO, 18-3 25-2 17-3 14-6
Fe, 0, 41 0-0 2:9 27
FeO 21-3 10-6 6-1 2-1
MgO 20-3 24-2 32-8 34-6
H,0. 8-7 10-8 11-5 12-3
Total 98-5 98-7 101-1 100-2
H,O_ 0-3 0-4 0-8 0-3

Number of ions (half-cell)

Si 2-64 2-69 2-87 3-17
Al 1-36 1-31 1-13 0-83
Al 0-85 1-55 0-79 0-77
Fe?* 0-32 — 0-21 0-18
Fe?* 182(¢%  og6[> %8 0-48[%®  0.47[>%
Mg 3-10 347 4-60 4-82
(OH) 6-29 7-08 739 773

Trace elements include: sample 31 < 0-1% Mn, Cr, Ti, Ni (each);
sample 15 0-1+% Ni and < 0-1% Mn, Cr, Ti (each); sample 38 0-2% Cr;
sample 4 0-2% Ni and < 0-1% Mn, Cr (each).

suggest that there is a rather abrupt change in
chlorite structure when the (001) basal reﬂectlon
is about 14-170 A rather than the 14-185 A implicit
in Foster’s classification scheme.

The ripidolite chlorite types may be differentiated
from the sheridanite types generally by determina-
tion of the specific gravity of the minerals, using
ASTM Test Designation D854-58. A chlorite
classification scheme including the specific gravity
of the chlorite minerals has been presented by Hey
(1954). The specific gravity of selected chlorite
samples is listed in Table 5 with other data relevant
to the identification and classification of the
samples. V

Chemical composition. The chemical composi-
tion of four typical chlorite samples was deter-
mined by using several different methods of
analysis and correlating the results. The total iron
contents, and the trace elements given in Table 5,
were determined by fluorescence radiation
methods. The total Si, Al, Fe, and Mg contents
were determined by conventional chemical
methods and also by atomic absorption spectro-
photometric methods of analysis. The ferrous iron
contents were determined with the use of
orthophenanthrolene.

The half-cell ion contents of the chlorite samples,
given in Table 5, were computed according to the
method shown by Foster (1962). The results of
the chemical analyses are considered to be suffi-

CCM Vol. 20, No. 5—-C

ciently accurate for the proper classification of
the chlorite samples in spite of lack of experience
in silicate analysis procedures. It appears that the
massive materials comprising samples 31 and 15
contain small amounts of impurities. Low H,O+
values were derived for sample 31 from weight
loss on ignition, 110°-1050°C.

Sample 31 (ripidolite} contained only 8-7%
H,O+ whereas sample 9 (ripidolite) from nearby
contained about 9-3% H,O+. Both values are low
according to data given by Foster (1962). A com-
parison of data results derived using the procedure
given by Petruk (1964) with the results of chemical
analyses indicate that both samples 15 and 31
contain more heavy atoms in the unit-cell octa-
hedral layers than are consistent with comparable
chlorite mineral structures. Small amounts of
magnetite, chromite, and goethite, which may be
present, have been observed in other chlorite
samples from the area.

The classification of the chlorite samples accord-
ing to cation content determined from chemical
analyses correlates very well with the classification
procedure entailing the use of X-ray diffraction
data. Thus, the classification of chiorite types
presented in this paper is believed to be acceptable.

Associative minerals
Samples of the most common minerals were
collected from the Flagstaff Hill area for identifica-
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Table 5. Classification of chlorites from Flagstaff Hill area

1(002) +1(004) 1{(003)

Sample Structure 1(003) 1(005) Type d(060)A  d(00-10) A sp. gr.
6 Blocky 5-06 2-86 Ripidolite 1-5452 1-4134 2:84
7 Blocky 5-35 300 Ripidolite 1-5454 1-4148
9 Blocky 4-87 3-02 Ripidolite 1-5457 1-4147 2-88

28 Platy 479 3.20 Ripidolite 1-5442 1-4143
31 Blocky 5-52 278 Ripidolite 1-5477 1-4141 291
32 Platy 5-64 2-25 Ripidolite 1-5473 1-4145
33 Blocky 5-71 2-36 Ripidolite 1-5466 1-4142
35 Platy 4.92 3-13 Ripidolite 1-5450 1-4131
43 Platy 6-53 2:23 Ripidolite 1-5477 1-4131
44 Blocky 5-35 2-56 Ripidolite 1-5475 1-4141
8 Blocky 371 3-59 Sheridanite 1-5407 1-4171
12 Blocky 3-89 406 Sheridanite 1-5405 1-4150 2-84%
13 Platy 327 3-58 Sheridanite 1-5399 1-4159 274
15 Platy 3-38 3-33 Sheridanite 1-5401 1-4159 272
16 Blocky 3-59 2-90 Sheridanite 1-5410 1-4157
17 Blocky 3-84 3.73 Sheridanite 1-5416 1-4159 2:78
19 Blocky 371 3-89 Sheridanite 1-5385 1-4174 275
20 Small blocks 3-06 3-63 Sheridanite 1-5382 1-4170
21 Platy 325 3-28 Sheridanite 1-5410 1-4172
22 Platy 3-40 3:35 Sheridanite 1-5388 1-4152
24 Small crystals 3-56 3-28 Sheridanite 1-5411 1-4163
25 ‘Soil’ 3-41 3-04 Sheridanite 1-5403 1-4165 2:69
26 Blocky 3-57 377 Sheridanite 1-5405 1-4148 2-85%
27 Crystals 3-37 3.25 Sheridanite 1-5384 1-4157
30 Books 302 3-49 Sheridanite 1-5388 1-4165
34 Platy 3-50 3-13 Sheridanite 1-5401 1-4161
36 Platy 3-64 3-13 Sheridanite 1-5416 1-4161
40 Small books 2-63 4-00 Sheridanite 1-5381 1-4171
41 Platy 298 3-55 Sheridanite 1-5403 1-4178
42 Large books 3-02 3-49 Sheridanite 1-5384 1-4177
1 Veinlet 2:30 5-43 Clinochlore 1-5377 1-4270 268
2 Books 2:57 5-00 Clinochlore 1-5400 1-4280
5 Veinlet 2-62 319 Clinochlore 1-5390 1-4281
10 Books 2-30 478 Clinochlore 1-5386 1-4281
11 Small books 3-00 3.57 Clinochlore 1-5387 1-4187
14 Small books 299 3.50 Clinochlore 1-5397 1-:4193
18 Small books 2:92 4-61 Clinochlore 1-5396 1-4199 2-74
23 Blocky 248 4-88 Clinochlore 1-5383 1-4262 2:61*
29 Books 2:33 4-40 Clinochlore 1-5377 1-4261
37 Small books 3-16 310 Clinochlore 1-5399 1-4188 274
38 Books 2-93 4-00 Clinochlore 1-:5393 1-4188
39 Platy 293 4-42 Clinochlore 1-5382 1-4184
45 Blocky 2-15 4-58 Clinochlore 1-5382 1-4290
4 Large books 226 470 Penninite 1-5384 1-4311 2-63
3 Blocky matrix 225 6:66 Cr-chlorite 1-5394 1-4305
*Impure.

tion purposes to tie in rock units with those of the
geologic map of the area prepared by Wells et al.
(1940). Wells er al., described the prevalent rocks
as being partially altered peridotite, dunite,
lherzolite, and saxonite, which suggests the
presence of olivine and various pyroxenes. No
orthopyroxenes were observed in any of the
samples despite efforts to find this mineral implied

as present by the rock types listed.

The associative minerals were identified by X-
ray diffraction and, in some cases, were verified
by thin-section study. A complete listing of the
minerals identified, in approximate order of
prevalence, is given in Table 6.

Hornblende occurs as possible pseudomorphs
after diallage. The (310) reflection of 3-128 A
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Table 6. Associative minerals of the Flagstaff Hill area’

Mineral Relevant observations

Common minerals:

Hornblende occurs as uralite and ordinary hornblende

Diopside present as diallage

Augite found in massive deposits

Forsterite present in al] altered peridotites and dunites

Epidote provides matrix for some amphibolites

Antigorite very common as platy and fibrous material

Talc trioctahedral variety

Chromite blebs and pods scattered throughout area

Magnetite variable concentrations of octahedral crystals

Fairly common minerals:
Magnesite
Grossularite
Tridymite (Type M)
Goethite
oligoclase
Andesine

Trace minerals:
Muscovite
Vermiculite
Quartz
Uvarovite
Mixed-layer mineral

occurs as pure plates and mixed with talc
present as crystals and as massive rock
yellow-green subtranslucent plates

after pyrite

in metadiorite dikes

diorite rock bounding area

remnants in ripidolite sample 44

on weathered surfaces of saxonite
found in dike alteration zone

occurs with Cr-chlorite on chromite
4-layer regular-spacing mineral

corresponds more closely to hornblende than to
actinolite.

Serpentine is by far the most common mineral
found in the area, and antigorite appears to be
the predominant type of serpentine although there
are indications that crysotile is intermixed with
much of the antigorite. Samples of pure antigorite
were obtained having both platy and fibrous
(picrolite) varieties. Some of the fibrous material
includes needles more than 20 cm long. Identifica-
tion of both forms as antigorite was verified using
X-ray diffraction patterns and checked with the
aid of i.r. spectra (Stubican and Roy, 1961).

An unusual mixed-layer mineral occurs in
altered peridotite-~dunite rock near the Pillikin
Mine pit 3. The mineral appears to be a 4-layer
regular-spacing mineral (Table 6) which appears
to consist of 3 layers of antigorite (do) = 7-25
A) and 1 layer of talc (dis) = 9-35 A). The X-ray
diffraction pattern includes a very strong reflec-
tion at 7-78 A and a weaker one at 3-89 A. The
mineral occurs in combination with antigorite and
forsterite.

Thermal reaction products

Representative samples of the four chlorite
types were heated in covered containers in an
electric furnace to determine the structural water
contents of the minerals. The mineral contents of

the fired products were then investigated. The
reaction products derived at 1050°C varied accord-
ing to the chlorite type as follows: the major
constituents in sample 4, penninite, and sample 38,
clinochlore, were spinel and forsterite; the major
constituent in sample 15, sheridanite, and sample
31, ripidolite, was spinel with only a small amount
of olivine. A portion of sample 15 was then heated
to 1165°C to observe mineral generation in the
fired product. The resulting material consisted
mainly of Fe-rich spinel and enstatite, with some
Fe-rich olivine and some corundum. The spinel
(220) reflection is combined with the enstatite
(160) reflection at 2-864 A to form the strongest
diffraction peak in the X-ray diffraction pattern.
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Résumé — Les résultats de la diffraction des rayons X, de ’'ATD, de la spectroscopie i.r. et d’essais
chimiques, relatifs & certaines chlorites typiques de la zone de Flagstaff Hill, sont présentés dans ce
travail. Cette zone est connue pour sa grande variété de types de chlorites présentes en quantités con-
sidérables. La chlorite, dans cette zone, se trouve sous forme de veines, de pseudomorphes et de
cristaux individuels. Les textures varient d’agrégats massifs a grains fins, jusqu’a des empilements
feuilletés qui ont plus de 20 mm de large. Les cristanx de plus de 5 mm apparaissent en groupements
paralléles aux interfaces rocheuses. Sil’on en juge sur 45 échantillons de chlorite étudiés, la shéridanite
est la plus abondante; le clinochlore et la ripidolite sont communs. La penninite et son équivalent
chlorite chromifére sont moins abondants. La roche mére est une masse ultramafique de forme irré-
guliere entourée de schistes et située treés pres d’un bloc de granodiorite. Les roches ultramafiques
originelles ont été fortement altérées par le métamorphisme et le métasomatisme en des assemblages
composés principalement de serpentine, de talc, de hornblende et de chlorite avec des reliquats d’oli-
vine, de pyroxéne et de minéraux originels moins abondants. Une grande partie de la roche exposée
est essentiellement monominérale, consistant principalement de divers polytypes de serpentine. Les
premiéres recherches indiquent que la zone de Flagstaff Hill mérite une étude beaucoup plus poussée
a cause des facilités qu’elle offre pour observer les divers types de chlorite et déterminer leur génése,
les séquences et les caractéristiques de I'altération. Cette zone, facilement accessible, pourrait égale-
ment servir de source d’échantillons de référence.

Kurzreferat-- Die Ergebnisse der Rontgenbeugung, DTA, UR-Spektroskopie und chemischen Tests
werden fiir einige Chlorite, die typisch fiir die Flagstaff Hill Gegend sind, dargelegt. Die Gegend ist
bekannt fiir die grosse Vielfalt von Chloritarten, die in betridchtlichen Mengen vorkommen. Chlorit
in dieser Gegend findet sich in Adern, als Pseudomorphe und als Einzelkristalle. Die Gefiige variieren
von massiven, feinkornigen Anhdufungen bis zu buchartigen Gebilden von mehr als 20 mm Breite.
Kristalle von einer Grosse von mehr also 5 mm kommen in Parallelgruppierungen an Gesteingrenz-
flaichen vor. Aus der Untersuchung von 45 Chloritproben ergibt sich, das Sheridanit nm meisten
verbreitet ist und dass Clinochlor und Ripidolit hdufig vorkommen. Penninit und sein Cr-Chlorit
Agquivalent sind weniger reichlich. Das Muttergestein ist ein unregelmissig geformter ultrabasischer
Korper, der umgeben ist durch geringhaltige Schiefern, und sich sehr nahe an einem Granodioritlager
befindet. Die urspriinglichen ultrabaschen Gesteine wurden durch Metamorphismus und Metasoma-
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tismus bedeutend verdndert in Ansammlungen hauptsichlich von Serpentin, Talk, Hornblende und
Chlorit mit Resten von Olivin, Pyroxen und anderen weniger reichlich vorhandenen urspriinglichen
Mineralen. Ein Grossteil des entblossten Gesteins ist hauptsdchlich monomineralisch und besteht
meist aus verschiedenen Polytypen von Serpentin. Vorkiufige Untersuchungen deuten daruf him,
dass die Gegend genaueres Studium verdient da die Gelegenheit einer direkten Beobachtung der ver-
schiedenen Arten von Chloriten besteht, mit Bestimmung ihrer Genese, Anderungsfolgen und Ver-
witterungseigenschaften. Die leicht zugangliche Gegend sollte ferner eine geeignete Quelle fiir Proben
darstellen, die als Bezugsnormen Verwendung finden kénnen.

Pestome — TIpuBonsitcst pe3ynsTaThl PEHTrEHOTpaGHMUECKUX UcciefosaHuil, auddepednnansHO-TepMU-
YeCKOro aHaAN3a, HHPPAKPACHOH! CIEKTPOCKOMUN M XUMHYECKUX UCTIBITAHMIA HECKOJIbKMX THIIOBLIX XJIOPUTOB
paitona ®narcradckux rop. DTOT palioH U3BECTEH CBOUM OOMNBIIMM pa3HOOOpa3veM XMOPHTOB, BCTPEYa-
IOLIMXCA B OONBbUIMX KOMUYECTBAX. B 3THX ropax ero Haxo4aT B BUJE MPOKHUIIOK, B BUIE 11CEBAOMOP(HO3 K
B BUAE OAMHOYHBIX KpHCTALIOB, CTPOEHUEM XJIOPHUT OYEHb Pa3HOOODA3EH — OT MACCHBHBLIX MEIKO3Ep-
HUCTBIX arperaTtos /[0 4YellyWdarbix mMacc umpuuoil Gomee 20 mm. Kpucrasmisl pasmepom 6osee 5 Mm
BCTPEUAOTCS B MapajielibHbIX IPYMIXPOBKAX HA MOBEPXHOCTAX pasfienia TOpHbIX mopoia. Cyas 1o u3yveH-
HBIM 45-TH 1TydhaM xJopvTa B HEM OOJIbLIE BCETO IEPUNAHUTA, MEHBIIE KIIMHOXJIOpA U PUIMAOINATA, a
CcomepaHue MEHHHUTAa M SKBHBajieHTa xJIopuTa-Cr B HEM HE3HA4MTENBHO. (OCHOBHOM TODHON ITOPOAOH
SIBNIAETCA yJIbTpaMadWIeCKUil arperaT HeperyIsipHOH (hOPMBI, OKPYKEHHBIH HU3KOKAYECTBECHHBIM C/IaHLIEM
¥ HaxonsIUMMCs O4YeHb OJIM3KO K rpaHoguoputHoil Macce. McxonHas ysibTpamaduueckas ropHasi nopona
Obl1a H3MEHEHa MeTAMOPPUYESCKAM W METACOMA THYECKUM IIPOLIECCAMH B COSTMHEHHSI COCTOSALINE TIABHLIM
00pa3oM M3 CeprieHTHHA, TAIbKA, POrOBOM 000JOYKH W XJIOPUTA CO CIeaMU OJTABAHA, MMPOKCEHA U APYTHX
PEAKOBCTPEYAIOLIMXCA CAMOPOAHBIX MMHEPANIOB. BOMblias 4acTh TOPHAIX NMOPOI HA MOBEPXHOCTH 3EMJIM
SIBJIAETCA TIO CYIIECTBY MOHOMWHEPAILHON, COCTOANUEH TJIABHBIM O0pa3oM W3 pa3IMUHbIX DOJUTHIOB
cepnenTyHa, [IpenBapuTeNbHOE MCCENOBAHUE YKa3blBaeT, 4TO 3TOT BOUPOC 3acilyKHsBaeT A00aBOYHOIO
U3yH4EHUs, TaK KaK MMEETCS BOZMOXXHOCTh PACCMOTPEHUSA XJIOPUTA PA3IMYHBIX THIOB M ONPEACIICHUE HX
reHesuca, MocIesOBaTEeIbHOCTH N3MEHEHUI M XapaKTepUCTHKH BBIBETPUBAHM. DTa 00NaCTh JIETKO AOCTHU-
raeMa M MOXET CYXUTH HCTOYHUKOM MOJIyYeHHs IUTY(HOB [I7If MCNOJIb30BAHUS B KAYECTBE ITATIOHOB.
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