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ROBERT PAUL CANHDH. ?eéfol&gf(and geoéhemiétry of the faliaadesugill,
| New Mexico. (Under the direciion of D¢y Paul -C. Ragland.)

- Sixty five samples wera collected along two profiles from the
eastward d;"p;nE dzeitic Faligadeg gill, the lowest of four to s‘; ”
thick sills cropping ouvt in Cimarron Canyon, Colfax County, Northerm
New Mexico. Both profiles contain sémples from the upper to the'
lower contact of tﬂe aili; one profile is near-horizontal and the
cther is neav-vertical. All samples were analyzed fgr major elements,

Rb, and Sr by x~ray fluorescence and atomic absorption spectromety

.

g_-r

Microscopic petrography was performed on thin sections prepared from
twenty represantative sawmples,

The 811l exhibits little mineralogicel or chemical variation
except fgr Nz,6, Rb, and Ca0 concentrations. Soda and Rb show a
strong negative corfelgtion with Ca0. Elemental variation is much

greater in samples from the hﬁrizonéai profile than from the vertical

cyclic variation. Approximately 40 percent of the sill is phenocrysts
of plagioclase, quartz, and biotite; the remaining 60 percent is a
groundmass of o?thoclase, plagioclase,.quartz, biotite, and magnetite.
Quartz phenocrysts are embayed and rounded. Some biotite phenocrysts
are altered to chlorite or to sericite, magnetite, and leucoxene,
Volds in all types of phenocrysts except quartz and in the groundmass
occupy approximately-l percent of the rock volume.

Chemical znd mineralogical data suggest that thé magma underwent
equilibrium cryétallization and that fhe magma intrudec} to its present
position in subvertical isochemical and isomineralegic “fronts™. The

‘phenocrysts apparently crystallized in a deep magma chamber; the groumd-



mass, in the higher level sill, Pressure drop on intrusion is a
probable cause of quartz phenocryst resorption. Corrosive deuteric

fluids are thought to have caused dissolution of previously crystallized

minerais to produce the voids.
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INTRODUCTION

The Palisades sill is the lowest of four to six thick, lobate
dacite porphyr? sillg Eropbing out in and near Cimarron Canyon, Colfax
County, New Mexico. The sill is visible as cliffs just west of Phil~
mont Scout Ranch along U. £. &4 between Eagle ﬁest and Cimarron, New
Mexico (Fig. 1). The sill iz approximately 370 m thick and outcrops
within an area of 3 km by 3 km. It is roughly concordant with the
contacts between underlying Precambrian metamorphlc rocks and an
overlying Permian to Jurassic sedimentary sequence.

The purpose of this research is to study 8 large sill of inter—
mediate composition by petrographic and geochemieal methods and to
model its crystallization history. Sill- or lopolith- like mafic
bodies such as the famous Skaergaard intrusion (Wager and Deer, 1939)
and Bughveld complex (M=all,; 1932) have been studied in great_dctail=
Few large sills of felsic or intermediate compésition have. been
systematically studied, primarily because of their relative scarcity.
The Palisades si1ll, New Mexico is ideal for such a study because the
811}l dips approximately 12° to the no;theast, allowing collection

from the lower to upper contacts.
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Figure 1, General location of the Palisades sill (aftexr Northrop and

Read, 1966, p. 10).



GEOLOGIC SETTING

Previous Work

The msst recent mapping of the Palisades sill area was performed
by Robinson and others (1964). Previous mapping was done by Smith
and Ray (1941, 1943). Smith and Ray (1941, p. 192) classified the
gill ma:erial.as quartz monzonite porphyry and later reclassified it
as porphyritic monzonite (Smith and'Bay,.1943, p. 904). Robinson and
othare (1964, p. 50) rensmed the dominant rock type in the silis as
dacite porphyry. These papers state that the Palisades sill and
related gills intruded during the Tértiary, but ne other conclusicns
concerning petrogenesis are given.

Fleld Relatiomships

The light colored Palisades sill contains approximately 40 per-
cent phencerysts of plagloclase, quartz, and blotite in a tan
groundmase. The only visible difference in the rock throughout the
8ill is the amount of quartz phenocerysts, varying in abundance from
1l to 10 percent.

. Distinct columnar jointing is found in most parts of the sill.

The sill rests conformably on the top of Precambrian amphibolite
(Fig. 2). The contact is distinct and is located w?thin a zone less
than 0.3 m wide. No coﬁtact metamorphism is visible in the amphibo-
lite and no xe#oliths or evidence of asgimilation are present in
the sill. |

The upper contact, observable in the vicinity of Cimarron Canyon,



Figure 2. Geologic map of the Palisades sill (containing profiles) and
countr& rocks (after Robinson and others, 1964, Plate 3). White
areé is Tertiary Palisades sill and related sills. Dotted area is
uﬁdifferentiated Triassic,-Jurassic and Cretace;us sedimentary
rocks., Diagonally crosshatched area is Precambrian metamorphic

and igneous rocks. Area with circles is Quaternafy stream and

landslide deposits.
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is more vague because it is in an area of less steep topography with
a8 significaut soil profile and vegetation. ‘The contact can aﬁiy be
located within 2 to 4 m of "stratigraphic" distance (distance measured
perpendicular to coata tgs). 1In addition, the upper contact is not
strictly concordant with overlying strata, since it cuts contacts
between Triassic Dockum Group and Jurassic Entrada Sandstone as well
as between Jurassic Entrada Sandstone and Triassic Mbrrison Formation
(Robinson and others, 1964, Plate 3). A 60 to %0 m section of sedi-
mentary rocks saparates this sill from the lowermost of the other
sills, The sill variea in thickness by about 30 m, having a distinct
lobate form and rounding off at its extremities (Robinson and others,

1964, Plate 3). Along rthe thick central portion of the s8ill, from

"~ which the author ccllected his samples, contacts strike roughly

N1OW and dip 12° NE.



GEOCHEMISTRY

- 8ilica, T10,, Al,0,, Fe203*-(total Fe as Fey03), MgO, Ca0, Nay0,
K70, Bb, and Sr were analyzed for all sémples. Appendix A tabulateg:
all analyses.  Loss on ignition procedure was performed on five samples
to check hqw closely the analyses totaled 100 percent. The mean and
.atandarﬁ deviation for tﬁe tetals of. the five analyses are 100.08 +
0.65.

Sampliné }rocedures

Samples were collected along twa profiles which extend from the
bottom to the top of the sill. One profile, referred to as the H-pro-
file, is roughly horizontal and trends N75E, approximately perpendicular
to strike of the sill'(FIg. 2). -Samples collected along this profile
are labeled H1, HZ; +«», H40, The other profile, called the V-profile,
trends ;outh and plunges 35%. Samples collected along this profile
are labeled V1, V2, ..., V25. Samples with larger numbers are progres-
sively nearer the upper contact in each profile.

These twu‘prqfiles ;ere cﬂosen in hope:thég any-copsisﬁent 1afge~
scale chemical or petrolegical variation eithar-ﬁertically or
horlzontally would be 5bserved. Any large-scale, non~random variation
through the gi1l1l should be observable except»if the isoﬁléthé (surfaces
of gimilar mineralogy and chemistry) are parallel to a plane countain-
ing the two profiles, that plane striking approximately N75E and
dipping 36° SE (Fig. 3).

It would seem plausible that isopleths on intrusion would be
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essentially horizontal because of (1) layering o;_separate sill-1like
injections, (2) crystal settling and/o; floating, or {3) layerins due
"to chill zones of different composition than material near the center
of the sili. _Convefaéiy, isopleths could be near-veriical and parallel )
to a feeder dike, If the 1sopleth§ are near-horizontal, data from
both profiles should show it since both are'collécted from top to
bottow. The H-profile ghould show any large-scale variation unless
the isoplethe trend peaxr N75E. V-profile sghould show variation if
the iscplaéhs are not near east-west. From the work of Robinson and
others (1964, Plates 3 and 5), the feeders sesm to be t§ ;he west so
that magma {ntruded eastward, If this is the case, variation from
injectiow "frents” would be easily recognizable in the H-profile.

Samples from the H~- and V- profiles were collected at approxi-
mately 15 m and 9 m “stratigraphic” intervals, respectively. Reasons
for inaccuracies and irregularities in the locations of gample sites
are finding fresh éaﬁplés in place {{.e., cdllectiqn site depends on
outcrops available) and inherent inaccuracies wﬁen lécating each site.

The calculated thickness of the gill for the H- and V- profiles
1s 383 m and 345 m respectively. In order to make correlatioms alomng
“gtratipgraphic” levels in the gill, the scale for the V-profile was
changed to be 383 m thick, eéual to the thickness of H-profile. |
Appendix B gives the origiral and, fo% V-profile, the recalculzted
distances of sample sites from the bottom of the sill.

Sample Preparation

Samples were checked and trimmed so that no weathered surfaces

were used for analyais; The fresh material was subjected to the

following:



jaw crusher

i

sample splitter

small jaw crusher with | .. - part of sample
alumina ceramie plates - to be kept
sample splitter
seni-micro pulverizer with 'part of sample
alumina ceramic¢ plates ' to be kept
Spex ghatterbox_
hydraulic press for dissolved by HF-H3BO;

-pelletizing (Bland, 1972) : decomposition technique
(Wooden, 1975, p. 154-155)

!

Noreleo universal vacuum-path - Perkin-Elmer 303

X-ray spectrometer atomic absorption unit

{for Si, Ti, Ca, Rb, Sr) (for Na, K, Al, Mg, Fe)

Appendix € gives methods used for the analyses. -
" Major Elements

From Table 1, Appendix A, 'and Figures 4 and 5, it is obvious that
oxide concentrations vary little over the eﬁtire 211ll, except for
samples V23, V24, and V25 whose anomalous values will be discussed
in a later section. Table 1 gives the mean, standard deviation, and
coefficlent of variation for all samples (V23, V24, and V25 exclgded‘
from this and subsequent tables unless otherwise noted) and for
samples from H~ and V-~ profiles individually.r Variation for moét
elements is greatér-invtﬁe ﬁ—profile than in the V-profile; there-
foré, correlations among elemental concentrations are more apparent

‘in the H-profile.



TABLE 1, MEAN AND STANDARD DEVIATION FOR MAJOR ELEMENTS, Rb, AND Sr.

nean Conc.-

element mean conc,- o \'d o v me2an conc.- o v
or oxide all samples H~profile 7-profile
510, 67.67 % 1.05 1.55  67.62 1,90 2,81  57.75 0.92 1.36
M5 1571 0.31 1.97 15.71 0.32 2,04 1571 0.30 1.91
Feq03 2,50 0.16 6.40 ' 2.48 0.12 4.84  2.56 0,21 "8.20
MgO 0.68 0.11 16.18  0.66 0.11 16.67  0.71 0.09 12.68
Ca0 2,60 0.78 "30.00 . 2.66 0.84 31.58 2,59 0.66 25.48
Na,0 .66 0.55 11.80  4.68 0.63 13.48 - 4.63 0.40  8.64°
Ca0HNa,0 7.28 0.32  4.40 ey - - - -
K0 3,29 0.12 3.65  3.31 0.13  3.93 ° 3.25 C0.08  2.46
110, 0.28 0.02 7.14  0.28 0.02 7.4  0.29 ' 0.03 10. 34
© Rb 700 ppm 213 30.43 676 230 34,02 723 175 24.20
s 59 4 7.59 59 5 8.47 2 3.45

* coefficient of variation = 100 ofx

0T
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Figure 4, Oxide distribution in the H-profile. Longer tic marks on the vertiéal )

axes represent the mean values for each oxide.



Figure 5, Oxide distribution in the V-profile. Longer tic marks on the

vertical axes represent the mean values for each oxide.
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The following observations with regard to elemental variations
can be made (V23, V24, and V25 excluded) using Pigures 4 and 5:

$10, - Variation is quite small. Soda and §i0, exhibit a positive

2
correlation; Ca0 and $10,, a negative correlation. 'Sémplés V5 and V6
show a minor contradiction to this trend.

T10; - There is insignificant variation except in samples V18 to. V22.
Percent Ti0, increases from 0.28 (= Ti0, mean) for V17 to 0.36 for
v22.

Al,04 - Alumipa shows a poor positive correlation with Sioz.
FeZOB* -~ Total irow exhibits minor varistion except for samples V18

to V22, PFor these samples, Fe 0_%* is high with values. ranging from

2%3"
2.75 to 3.02 in comparison with a meam of 2.50 and o of 0.16.
Mgo-- Magnesia shoys more variation than T102 or Fe203*, but variation
is random. Samples V18 to V22 have high values ranging from 0.76 to
0.§0 in ceomparison with a mesn of $.68 and o of 0.11. Note trhese high
values are from the samples that have high percentages of Tio2 and
Fe203*. Sample H33 has a low value of 0.24; sample H1l, a high value
of 0,96.
Ca0 and Nay0 - Thesc oxides show a strong negative corralation, with
r = ~0.95 (Fig. 6).
K,0 = Potash exhibité 1ittla variation,‘ Sémple H4D {nearest the upperx

2
conkact) has & silightly high lue of 3.56 compared with &
of 3.29 and o of 0.12.
Normative Analyses
Because chemical compositions are very simllar for samples through-
out the s1ll (except V23, V24, and V25), norms calculated from oxide

analyses are also very similar. Table 2 gives C. I. P. W. norms of
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. V23, V24, and V25 and the mean, standard deviation and coefficient of
variation for 16 other randomly selected samples. The norms are

calculated from data given in Appendix A with total oxides recdlculated.

to total 100 percent,

TABLE 2. C. I. P, W. NORMS.

Normative Minerals Mean Values o v V23 V24 V25
{anhydrous) - {16 samples)

Quartz 21.88 1.63 7.45 25.50 27.94 28.24

Orthoclase - - 20,28 0.82 4.04 24.16 24.39 19,68
Albite 40,78 4,32 10.59 36.346 40.46 39,10
Anorthite 11,47 2.77 24,15 8,11 3.18 8.40
Diopside* 0.39 0.65 166.67 0.00 0.00 0.00
Hypersthene 1.61 0,35 21,74 0.41 0,41 0.62
Hemstite ' 2.55 0.19 7.45 1.05 1.06 1.56
Titanite 0.71 0.07 9.8 0.I8 0.73 0.74
Corundum® 0.33 0.35 106.06 0.26 1,8 1,85

* Average contains both diopside and corundum, alchough ind viaual
norms do not.

PE)

Since C. i. P. W. norms calculate oﬁly'anhydrous minerals, diopsida
and hypers;hene appear in the norm although neither-are optically de-
tected in the rock. Fe,03 : Feo ratio was assumed to be infinite.
Nevertheless, feldspar and quartz contents will be relatively accurate.
In 16 of the 16 calculationms, A1,04 is not in excésé aﬁﬁ,the norm.
ia;l;des dicpeide.

From normative analyses, the sill is composed primarily of dacite;
gome gamples, whose norﬁativé quartz is less than 20 percent, afe com=
posed of quertz latite-andesite (classification based on Hyndman; 1972,
p. 35).

Using data from Appendix A, normative albite and‘anorthite were

calculated and An (Anx100/An+Ab) for the whole rock was determined



i

<7

16
for each sample. The An range is extreme, 9.4 for sample V24 to 41.0
for sample H20, with all samples giving a mean of 24.3 and ¢ of 7.9.

Chemical Compafiépn with "Typical" Igneous kogys

The meanvoxide percentageé for ﬁhe Palisades-sill WEré compared -
against cohtoureﬁ frequency.diagramé'(oxide percentage-Versus differ-
entiation indez§ prepared by.Tho¥nton ana Tuttle'(1960)-ﬁsing-the |
5000 analyses in Washington's (1917) tables. Differentiation index is
the sum-of three normative minerals, quartz, orthoclase, and albite,
and 1g 80 to 85 for most Palisades sill samples.

For 5102 ngggg D. I, (differentiation index), Palisades aill

- samples plet at the contour qaximum in the Sio2 oversaturated region
but Iin a highar 9102 and D, I. range than typlcal dacite, approximately
in thelrhyodacite-rhyolite érea (Fig. 7). This discrepancy is a

result of the Palisades sill's having 'z lower percentage of femic

minerals than typical‘degige; In agditién,vits high Na,0 coutent
causes the rock name, dacife, to be somewhat misleadiﬁé from the
rock’s real composition.

Potash, MgO, Fezos*, and A1203 plot near the center of the contour
maximum on thelr respective oxide versus D. I. diagrams {Tsble 3).
Na,0 and Ca20 are slightly high for D. I. = 80 to 85, but both are
within the maximum, o

Rubidiim and Strontium

Rubldium varies greatly over the sili, with a range of 251 to
1086 ppm (Fig. 8). The mean for all samples is 6%4 ppm and o is 210.
Variation is non-random and the.only correlatioﬁ that can be made with
other oxides 1s a poor positive corralntioﬁ between Rb and Na 0

2
(r = +0.65). No correlation can be drawn between Rb and K,0 (r = ~-0.10),
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Figure 8. Rb and St distribution in tﬁe H- and V-profile. Longér tic marks

on the vertical axes represent the mean values for each oxide.
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which is contrary to genmeral observations of igneous rocks since K and
Rb are chemically-very similar (Taylor, 1965, and Tauson, 1965, p. 229),
_Potassium is axtremely:invafiant, and it is obvious that Rb and Ko0

concentrations cennct be diractly related.

TABLE 3, OXIDE DISTRIBUTION ~ "“NORMAL" IGNEOUS ROCKS VERSUS
PALISADES SILL SAMPLES

- Approximate max{mum range from Mean for Palipades
Thornton and Tuttle {1960) (2)* gill samples ()

810 66.7 - 70.0 67.7

a1;8, 12,5 = 16.9 15.7

Fe 93* 1.0 - 5.0 2.5

,Mgg 0.0 - 1.3 0.7

Ca0 1.0 - 3.2 2.6

NaQ 3.5 - 4.7 4.7

KZO 2.5~ 6.3 3.3

*dffferontiaticn index = 82.5

The amount of Rb 1s quiie unusual, especially with the moderate
amount of K;0 present. ‘The K/Rb ratios for the Palisades sill (12 to
52, generally less than 305 are extremely low, a Rb enrichme;t which
must have been produced from an anomalous source rock. Taylor (1965,
p. 144) notes that "normal' K/Rb ratios are typically 150 to 300.

Rb variation is much greater in the H-profile than in the V-pro-

file (Fig. 8). The mean aﬁd standard deviation for each are given as

follows:
Rb (ppm) o
H-profile 676 230
. V-profile 744 . 174

‘Strontium varies little over the Qill, from 52 to 75 ppm with a

mean of 58.6 ppm and o of 4.4 (excluding samples V23 and V24, which
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are 122 and 168 ppm respectively). A slight positive correlation exists
between Sr and Ca0 (r = +0,37), as expected for “granitic" rocks
(Turekian and Kulp, 1956, p. 245). .

‘Sf variatian.for the H-profile is gre;ter‘tﬁan for the V;p%a;ile.

The mean and standard deviation for each profile are given as follows:

Sr mean (ppm) o
H-profiie 59.2 .- 5.4
V-profile 57.6 ' 2.5



PETROCRAFHY

All samples contaln phenocrysts of plagioclzse (An less than
5(), quartz, +biotite, +chlorite, and 4magnetite in a submicroscopic
to microsgopic groundmass of crystaliine material. The groundmass
for only two samplaes (V19 and V22) is coarse enough so that individusl
cryatale ers diztingulishable with a petrographic microscope.

All types of phenccyysts include smaller crystéls of all othex
types of phenocryéts except for the absence of quartz in biotite, which
may be obscured by bilotite alteration. The most comwon inclusion
recognized iz biotite in plagioclase (Fig. 9), suggesting that plagic-
clase has nucleated around small bioti e crystals. These relationships
suggest that all the phenccrysts began to crystallize at about the
same time and at approximately the same temperature. It is assumed
that megnetite crystallized at all stages of magma crystallization
becauge 1) geveral primary magnetite inclusioﬁs are observed in quartz,
plagioclase, and bilotite phenocrysté, and 2) magnetite crystale are
of variable sizes in the groundmass,

Medal analyces were performed on twénty thin sections. As shown
in Table 4, the variation in pertentagés of groundmass and phenocrysts
(except quartz) for all samples is small'enough that the standard
. deviation Is less than percent reliability as determined from Van
Der Plas and Tobi (1965). Modal quartz percentages vary more than
other phenocrysts (from 1 to 10 percent) and §o correlation can be

made with “stratigraphlc" position. Variation in percént §i0, in the



Pigure 9. Biotite inclusion in plagioclase, Crossed nicols; field

of view, 2.1 mm wide.
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~ whole rock cannot be.correlated with percent quartz phenocrysts,
Phenoeryst percentages have no apparent relationship to whole rock

. chemleal variations.

TABLE 4. MODAL DATA FROM TWENTY THIN SECTIONS

Rt M W R Wy e e wepme

Mean o Percent Reliability
Groundmosa | 60.1 3.2 4.5
. Plagloclase 28.9 - 2.7 4.0
Biotite 4,0 1.1 1.5

Of the twenty thin sections examined {every fourth sample in the
ﬁ—profile'énd every third sample in the.V;profile), two ;ontain xenoliths.
A small amphibolitic xenolith approximately 19 mm wide in sample V19
contains hornblunde with some magnetit . and plagioclase. It aees not
appear to have reacted wiLh tﬁe magna., 'Sa#ple V16 has a 16 mm wide
xenolith or autolith of a single quartz c¢rystal containing a euhedral
but highly altered feldspar inclusion and a euhedral biotite incluéion.
The quartz crystal contains and is surrounded by sericite.

Plagioclase Phenccrysts

Plagloclase phenocrysts are equant and range in width from 0.5
to 3.0 mm., Most of the larger crystalg are euhedral to subhedral, many
containing albite, perlcline and Carlsbad twinning. Several thin
sectlons have zoned phenocrysts. Some plagioclase apparentlf nucleated
from small biotite crystals as demonstrated by numerous biotite
inclusions (Fig.A?)t

Plagioclase crystals vary from having narrow "cioudy" rims and

‘distinct twinning to being completely disrupted In which no twinning
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is visible and interference figures are indistinct or not obtainable.
Within a single thin section, all plagioclase cfystals are‘altered to.
the same degree. No correlation can be made between degree of élter-
ation and sample location.

Dgtermination of the An-content of p;agigqlase phenocrysts was
attempted by two methods, by Michel-Levy's method and by chemical
;nalyses of drilleé out plagioclase phenocrysts.” Michel-Levy's
method 18 of no value for Pslisades sill samples. Too few albite-
twinned crystale were of suitable orientation (less than five) to make
the method statistically valid. Phenocrysts of samples H17 and H25
have An values of 35 and 44, respectively, as determined by atomic
absorption analyses.

The amount of xzo in plagioclase phencerysts is high, indicative
of a relatively high témperature of crystéllization {Tuttle énd Bowen,
1958, p. 131). On a ternary diagram (system Ab-0r-An), the phenocrysts .
plot on the curve that Tuttle and Bowen (1958, s. 135) describe as
crystallizing at temperatures for rhyolites and phonolites with a

high H,0 content (Fig, 10),

2
Quartz Phenocrysts

IQuartz crystals dnvariably have eguant dimegsions, are rounded,
and have anhedral to subhedral form. All crys;als are embayed and
reunded by rescrption from fofmerly euhedral crystals (Figs. 11, 12,
and 13). Phenceryst widths va;y considerably but predominantly are
in the range 0.2 to 0.5 mm. . Contacts with the groundmass are commonly
very distinct and the embayments are filled with groundmass. Several

samples have rims of fine crystals of quartz, apparently a result of

reaction and bartial resorption (Fig. 13). Crystals having no rims



Figure 10. Ternary diagram illustrating solid solution of plagioclase
phenocrysts from sample H17 and H25 in the systeﬁ An —~ Ab - Or,
iine c —‘C' represents solid solution expected for feldsparé crystal-
lizing from.rhyolite and phonotites with high water contents

(temperature dependant). Curve from Tuttle and Bowen (1958; p. 135).
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Figure 1l. - Highly ewbayed quartz phenocryst. Crossed nicols; field

of view, 2.1 mm wide,



T
ot SIS

R Bt
ﬁ_.

henocrysts (c-crystallo-

yhedral quartz P

Crossed nicols; field-of

Figure 12. siightly embayed e

graphic axis perpendicular to slide).

view, 2.1 m@ wi&e.



28

Figure 13, Partially resorbed quartz phenocrysts {lafge white area
~in lower right and round white area in ﬁpper left) with fine—

grained quartz rims. Crossed nicols; field of view, 2.1 mm wide.



of fine quartz crystals must be a result of complete dissemination
of 8102 in the magma after resorptibn:

The diamond~ or square- shaped form of many quartz phenocrysts |
indicates that they crystallized as beta-quartz (high quartz). The
habit of beta-quartz is predominantlj hexagonal éipyr_midal aéd prism
faces are subordinate. Prism faces are predominant and subhedral or
euhedral crystals are elongate if the quartz qrystallizes as alpha-~
quartz (low quartz).

Biotite, Chlorite, and Magnetite Phenocrysts

Biotite, chlorite, and magnetite phenocrysts are discussed togeth-
er henzuse thely penesis ma& be related, with chlorite and magnetite
being alteration products.of biotite. Not all magnetite 1s related
to blotite and c¢hlorite; therefore, the following discussiﬁn will begin
with magnetite.not resulting from alteration. . o ‘

Amount, size, and_form of mggnetite phenocrysts véry greatly,
Crystals appear subhedral and anhedral, generally ranging in diameter
from less than 0.0l to 0.75 mm. Larger crystals, up éo 2.0 mm in dia-
ﬁeter, are found in several samples.

Biotite phenocrysts show reaction relationships such that brown
biotite has altered_éo olive green blotite, opaque oxybiotite, chlorite
of wvarlous shades of green, and magnetite + se%icite + leucéxenn;

Both green biotite and chlorite appear to be alteration products of
brown biotite because brown biotite is seen at the center of some
green blotite and chlorite phenocrysts (Fig. 14), never the opposite.

- Magnetite and sericite are more common around biotite rims than wifhin
the crystals (Fig. 15). When sericite is present within a biotite

erystal, ‘magnetite is within or adjacent to ‘the sericite (Fig. 16).
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Figure 14. Brown biotite surrounded by green biotite. Black is

netite, . Uncrossed nicols; field of view, 2.1 mm_wide;
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Figure 15. Partially reacted biotite (right) and completely reacted
biotite (left). Light colored material in biotite is sericite;

’black, magnetite. Crossed nicols; field of view, 2.1 mm wide.



32

Biotite (colored), sericite (iight: colored), and magnetite

Figure 16,

Crossed nicols; field of

{black) showing reaction relationships.

view, 0.75 mm wide.
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Sericite has a creamy vellow color due to submicrosc¢opice leucoxene,

All degrees of biAtite alteration éxist within the sill and com-
mouly within single thin sections.. Alteration generally disrupis the
crystal structure such that the different varieties of blotite and
chlorite are indistinguishable, egpecially green biotite versus chlorite.
Separate phenocrysts within one thin section may range from normal
browvn blotite to biotite pseudomorphs of sericite + magnetite +
leucoxene (Fig. 15). According to Schwartz (1958, p. 176), this non-
equilibrium alteration of biotite (i.e., varying degrees of alteration)
is not unusual,

Schwartz (1958), in-agreement with Winchell and Winchell (1951,.

p. 376), suggests the following sequence as being typical for biotite
alteration, consiste£t wi£ﬁ observations presented above; In the
incipient stage of alte;gtgon, brown biotite recrystallizes with a
change in color to green biotite (very likely deuteric). Next, biotite
converts to chlorite. Véry fine leucoxene crystallizes from thenearly
release of Ti. Alteration to sericite and magnetite could have occurred
at any timz. In thin section, it is indeterminable whether the alter-
ation of primary biotite to green biotite and chlorite precedes, follows,
or is syngenetic with the alteratien to magnetite, sericlte, and
leucoxene.

The forms of biotite and its pseudomorphs are generally euhedral
and subhedral six-sided crystals of tabular habit. The wide dimension
is’ typically 0.2 to 1,0 mm across.

Groundnass
The groundmass 1s composed of plagloclase, K-feldspar, quartz,

ibiotite, and 4magnetite (feldapérs distinguished by staining tech-
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niques). Finely crystalline magnetite and little or no bilotite are
visible in the relatively coarse groundmass of samples V19 and V23,

Rough caleulations of An for plagioclase in the groundmass of
samples Hl7 and H25 were made using modal data and chemical data from
whole rock and phenocryst analyses.- -Groundmass plagloclase for‘
sample H17 has An near 0; for sample H25, approximately 18,

Dissolution Voids

Voids are found in all thin sections. They occupy less than 2
percent of the rock volume {except for sample V23 which is approxi-
matel? 4 percent void), It is obvious from.thin section examination
that these voi&s are cauéed by dissolution of crystalline phenocrysts
and groundmass and are not simple vesicles (Figs., 17, 18, and 195.
Otherwise, the volde would be found only in the groundmass. Percen-
tage and distribution of these voids, which will be referred to as
dissolution voids, are inconsistent and no correlation can be made
to sample location.

Dissclution voids are in groundmass and in all types of pﬁenocrysts
except quartz, Only sample V23 contains dissolution volds in quartz
phenocrysts, In most thin sections, volds are more common in plagio-
clase and biotite phenocrysts than in the groundmass. Crystalline
material adjacent to voids does not appeér to be altered or disrupted.

Samples V23 and V24 are unusual for three reasons., TFirst,
dissolution volds are moét abundant in these two sawples. Second,
bvery little or no biotite or magnetite is visible, and it is unclear
whether these minefals were leached out during formation of the voids
or whether the samples never contained them prior to léaching. Along

the edges of some dissolution voids, a very irregular opaque "iron
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Figure 17. Dissolution void (black) in a plagioclase phenocryst and

groundmass, Crossed ﬁicols; field of view, 2.1 mm wide,
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Figure 18. Dissolution voids (larger black areas) in a plagioclase

phenocryst, a bilotite phenocryst, and groundmass.  Crossed nicols;

field of view, 2.1 mm wide.
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Figure 19. Dissolution voild (black) in core of plagioclase phenocryst.

Crossed nicols; field of view, 2.1 mm wide,
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oxide"” is seen, possibly resulting from reprecipitation of leached
iron. Third,‘some of;the dissolution voids ére pargialiy filled
with quartz which grew radially from the outside toward the center,
leaving a vold in the middle, Under a petrographic microscope with-
crossed nicols, these radlal growths preduce an "isogyre” effect

around the void (Fig. 20), a result of radial ortentation of quartz's

c—-crystallographlc -axls.
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Dissolution voids filled with radially oriented quartz

Figure 20,

causing the "isogyre"effect (round voids at center of quartz

Crossed nicols; field of view, 2.1 mm wide.

growth),



CRYSTALLIZATION AND ALTERATION

Chemical and petrologic information used in cen wnetion with
experimental data are ‘used to develép a coherent and congistent
" erystallization and alteration model for the Palisades 'sill. The
observations presented above are the basis for this model,

Intrusion
Relation between Magma and Phenocrysts._‘

Quar£z, blotite, gnd plagiociase phenocrysts - apparently crystal-
lized from the magma in a deep chamber before intrusion to the present
position oﬁ the sill. Modal data (Table 4) indicate that the amount
of biotite and plagioclase phenocrysts for different parté of the magma
chamber was constant,

The percentage of quartz phenocrysts was probably constant for
all of the magma before embayment. In thin sectién, 10 to 11 percent
modal quartz is found when the phenocrysts are least embayed and stilil
display crystal faces., Samples with extremely embayed and small quartz
phenocrysts contaln less than 6 percent modal quartz phenocrysts.
Intermediate degrees of embayment and iﬁtermediate quantities of modal
quartz also exist, Before intrusion, all parts of the magma probably
contained 10 to 12 percent evhedral quartz crystals.

Crystal settling and floating can be ruled out, either before
or after intrusion, based on phenocryst distrihutioq, chemical data,
and comparison with experimental and theoretical data. Table 4 shows

that distribution of phenocrysts throughout the sill is constant,



indicating that crystal settling and floating did not occur during
crystallization of phenodrysts ;nd/or groundmass., As a result,
equilibrium crystallization is the dominant process. No correlation
can be drawn between magnetite {( = 5,2) and position in the sill
therefore, crystal settling for other minerals would be very unlikely -
(Shaw, 1965, p. 128). For ﬁagma as vigcous as the Palisades sill
magma was during intrusion (approaching the system Ab-Or-5i0,-H,0),
Bopulast {1959} has demonétrated tﬁat phenocrysts as small ag those

in the sill ccaié not have séttled., They would follow convactive or
Lorced £low without "slippage of the crystals in the fluid.

No reasons exilst to suspect any type of metasomatism or contam-
ination from either country rock or mixing with other magmas. Absence
of xenoliths, apparent congtant abundance and composition of phen?crysts
and groundmass, and predictability of sample chemistry are evidence
for a-simple model involving equilibrium crystallization.

Effecis of Pressure Changé_during Intrusion

The minimum depth of Intfrusion estimated from maps and cress
sections of Robinson and others (1964) is probably 1,5000 to 3,000 m.
The approximate lithostatic pressure for the 1§tter depth would be
900 bars, assuming 2 density of 2.3 gm/cc for overlying material
(Nash and Wilkinson, 1970, p. 256). The magma cleafly unée;went a
substantial pressure drop on intrusion, and pressure sensitive reactions
of phenocrysts and magma are likely to have occurred.

Partial resorption of quartz is the most obvlous effect of lower-
ing pressure, an effect not uncommon in voleanic rocks. Resorption
of quartz with pressure decrease is éependent on wateriéontent of the

magma. If the magma is dry or less than H20 saturated, the phése
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"boundary of a PT diagram for quartz has a positive slope (Boyd and
England, 1960, p. 752) so that a drop in total pressure at a constant
temperature could cause quartz to resorb (Fig. 21). If the magnma
is water saturated, a drop in pressure will enhance crystallization.
Fyfe (1970) suggests that most "granitic" magmas are water—under-
qaturéted, and it is generally accepted that more mafic ignecus rocks
are very dry. Other reasons to suspect that the Palisades sill magma
was water-undersaturated are as follows, PFirst, PH20 is buffered by
reactlons such as
KFe,_3(A151070) (OH) p(biotite)
KAlSi308(K—fe1dspar) + FE304(magnétite)'+ H,0 -
(Fyfe, 1970, p. 205) and
- 2KFe 9. 3(A1845010) (OH) z{biotite) + 2A1,03 + H,05
KgAl,(OH) 4,S1gAl0on(sericite) + Fes0,(magnetite).
The mineralogic relationships for the latter reactlion are observed in
the Palisades sill. Second, if PHZO ig high it will lower the phase
‘ field of quartz so that it will near the K-feldspar phase boundary
(Eggler, 1974, and Piwinskii and Wyllie, 1970). Since no K-feldspar
phenocrysts are found in the sill, it is most likely that PH20 was not
equal to Py,p,1 so that the quartz phase boundary was at a higher
temperature relative to the K—feldspar boundary. Third, the magma must
have: been H20 undergaturated before intrusion. Otherwise, the magma
would have reached saturation, ‘'second boiling", on intrusion and
quartz would not have been resorbed (Burnham and Jahns, 1962).
One other possibility exists for the resorption of quarfz. An
increase in PHZO could lower the quartz melting temperature such that’

quartz phenocrysts could resorb, but there is no remson to suspect
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« saturated melting boundary : //
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' c /.»{,-melﬁng boundary for
P ‘ < Pho Protar
total P 2

- dry meiting
boundary

Figure 21. Schematic pressure~temperature diagram showing possible
quartz crystallization - resorption history in the Palisades gill
asguming instantaneous intrusion and PHzo less than P*s:a‘ {(after
Brown, 1970, p. 356, and Harris and others, 1970, p. 191). Dashed
line is a quartz melting boundary for a constant PH20 where PH20

is less than P

total”
Field A ~ liquid
Point B - quartz begins to crystallize
Fleld C - quartz crystallizes
Point D - intrusion of mapgma
Point F - Quartz begins to melt
Field F - quartwz resorbs
Point G ~ quurtz crystallization resumes
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such a change. If water were added, the H,0 buffers described above
would have absorbed much of it.- It 1s unlikely that‘addéd water would
be homogenously mixed throughout the sill.as it would have had t; be
since quartz phenocrysts in all samples show resorption. d

Different degrees of quartz resorption arerelated to silica
mobility, - Least a2ffected crystals have a narrow rim of extremely
fine grained quartz, clearly a result of reaction and resorption (Fig.
13) without effective mixing of resorbed $10, and wagma. The most
embayed crystals never have a rim (Fig. 11), indicating that the silica
wag more mﬁbile. That is, more Si0, was able to react and disperse into
the liquid due to local variations in viscosity.

It is uncertain whether-plaéioclase phenocrysts were also affected
by the pressure drop oﬁ intrueion. They are generally subhedral énd
edgesa are slightly‘“corroded." This slight resorption phenomenoun is
possibly due to the pressure drop with plagloclase less affected than
quartz because of its higher temperature and presauré stability field.

Because biotite is. a hydrous mineral, its phase boundary has the
opposite slope from that of plagloclase and quartz;. therefore, biotite
should be.more stable upon lowering of total pressure.

Chill Zone, Magma Convection, and Temperature Distribution

It is not clear whether the Palisades 511l has a chill zone. No
definitive evidence ig availsble, texturally or chemically. Ail
groundmassg 1s sufficiently fine grained that a chill zone way not be
significantly finer.. Chemically, the sill is homogéneous enough such
that a chill zone can not be distinguished.

A possible chill zona is fouﬁd‘at‘the lower contact. Of samples

from which thin sections were made, the closest sample to the lower
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contact in the H-profile, Hl, and the closest two samples in the V-
profile, V1 and V4, have the finest groundmass. Samples H1l and V1
are less than 1.0 m from the contact; sample V4, approximately 30.5
m from the contact. Another observation was made with fegard to sample
Hl. The thin section for this sample contains several kinked chlorite
crystals, possibly indicative of a solidifyiné groundmass during
forceful intrusion.
Samples at the upper contact show no evidence of being chilled,
but textural features indiﬁate that the highest 30 to 90 m of the
ore the majovity of the m&gma.‘ Evidence for~
this 1s the coarse groundmass in sample V23, a coarser than ;verage
groundmass in V19, and the concentration and nature of dissolution
voids in their vicinity.. The coarser groundmass of samples V23 and
V19 is interpreted as a result of higher fluid content during crystal-
lization. It is presumed that water content would increase in the
last stages of crystallization and would migrate to the highest level
of magma remaining in the 8111, If the material ag;ve sample V23 were
crystalline, fluid would collect in the vicinity of V23 and thus
cause the development of larger crystals. Sample Vlg probably crystal-
lized at a later time af;er the samples above had completed
crystallization, again creating a cap under which fluld could accumulate.
Dissolution voids in ;amples V23 and V24 ave numercus, especially
V23, in which dissolution voids occupy 3 to 4 percent of the rock.
This may be taken as a result of concentration of the disseclving
volatiles below a well crystallized and cooler capping material.
The “corrngive" volatiles apparently concentrated near samples V23

and V24 and became oversaturated to the point that quartz re-precipi-
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tated in some of the dissolution voids,

Magma. convection 18 a process which probably. oceurred after intru-
sion and prior to crystallization, keeping the temper;ture gradient to
a minimum, Convection also confuses interpretation cf chemical and
mineralogic distribution on intrusion, Bartlett (1969, p. 1069-1071)
has demonstrated that a granitic magma ls expected to have natural
convection for a sill the thickness of the Palisadeg sill (Fig. 22).
Tha viscesity of the Palisades sill on intrusion should be roughly

the sam

vigcosity ao granite magma since the liquid had a
commoni tina after the phenocrysts cryetallized, Shaw (1945) prediste
that granitic melts will have viscosities between 108 and 10 poilses

*with magmas containing as much as 50 percent phenocrystsa.

time for the Palisades sill is 600 to 1400 years {Turner,6 1968, p. 20;
Carmichael, 1974, p. 446), Although the rate of convection is
unknown, it is certainly possible for the magma to have overturned
numerous times. Individual convection cells are generally hexagonal
“in form with width approximately equal to height (thickness of the
8i11) in which the magma flows up the center of the cell and down
the sides (Bartlett, 1969, p. 1069).

ConQective overiturn kept temperature differences in the ceil
relatively small. If the temperature gradient becomes large either
by cooling of the magma through the ceiling or through beth the
celling and the floor, density inversion in part of the magma will
cause convective overturn, decreasing the temperature gradient
(Bartlett, 1969).

Convection tends to promote agquilibrium crystallization. If no
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sion based on magma convection stability limits from Bartlett.
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convection occurred, two factors should be observable, Firsf, textures
resulting from different lengths of time for crystai}izatiﬁn should

be systematic in relation to “stratigraphic” positiﬁn in the sil1.
Vhriations in‘crystal gize of the groundmass and abundance of dissolu-
tion volds should show some systematic pattern from top down, neither
of which can be demonstrated. Second, chemical and mineralogical
variations should be more systematic in relation to “stratigraphic"
position as a result of fractional crystallization; a process which
weuld be more likely if the magma crystallized with a large temperature
gradient, There is no evidence that in situ fractional erystallization
and its subsequent elemanial differentiation occurred either from the
top down, from the bottom up, or toward the center; Oxides do show
significant variation but not in a "stratigraphic" pattern.

- Dauterig Alteration

Two possible types of deuteric or late magmatic alteration exist.
One 1s the alteration of biotite and plagioclase phenocrysts. The
other is the dissolution of groundmass and phenocrysts.

Phenocryst Altergtgon | -

It is unclear how much of the bio£ite and plagioclase alteration
1s deuteric. Some of the biotite reaction relationships and plagio-
clase phenccerysts clouding and disruption of crystallinity may be dus
to deuteric alteration. flagioclasa alteration cculd be caused by
pressurewchanges during intrusion, by slight-PH20 variations in the
magma, or by deuteric reactions which cannot be defined optically.

Many authors consider the reactions, blotite to chlorite and plagio-
clase to se?icite, deuteric alterationm.

Since biotite has been altered to a.large degree, the author



) 49

-considers only bilotite to chlorite and brown biotite to green biotite
as deuteric effects. It has been deménstrated that the biotite to
sericite + magnetite reﬁction may be HZO buffered and was.probably a
continuous process after crystalliizotion of bictite phenocryste. .
Phenocryst and Groundmass Dissolution

Dissolution to produce voids is a deuteric process since the
grouﬁdm&ss was crystalline, since the source of the corrosive fluid
was probably internal, and since the minerals were probably at near-
1iquidus temperature wﬂen dissolved. Only two'references of
disscluvtion of crystals in idgaccous vocks could be foﬁnd. Salottl and
Matthews (i969) reported qﬁartz leaching from wall zone graphic
granite in a zoned pegmatite. Barker and Burmester (1970) reported
complete removal of quartz and aiﬁite with decomposition of bilotite,
leaving only microcline and a red irom stain in two outcrops of a
hypabyssal rhyolite porphyry. Théy attribute this leaching to contact
of the samples with a highly alkaline brine {(pH greater than 9) long
after crystallization.

Dissolution probably occurred at near~solidus temperature with
removal éf material in a low viscosity and hiéhly corrosive H20 rich
medium, Near-solidus temperature was necessary so that the minerals
dissolved were relatively near their instability fields and the
concentration and amount of fhe corrosive constituent was not high.

Experimental results of Wyllie and Tuttle (1961 and 1964} on the
effects of S04, P,0s, HCL, 11,0, NH,, and HF in addition to H,0 on
melting temperatures pf granite demonstrate that HF and Li,0 are the
most likely corrosive volatiles that produced dissolution of plaglo-

clase in preference to quartz, the relationship observed in the
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Palisades sill. These studies show that HF and Lis0 in H,0 lower the

2
stability field Of.plagioclase relative to the quartz field. Wyllie

and Tuttle (1961, p. 141) state, "The feldspar is less stable in the
presence of HF solutions than in the presence of Hy0, as would be
expected, and the quartz appears to be more stable.” Although these
studies involve melting of minerals, lowering of the feldspar stability
field relative to the quartz field may be the explanation why plagio-
clase Is more susceptible to dissolution than quartz. Pure H20 would
not be responsible for lowering -the plagioclase stability field relative
to the quartz fleld as is shown from phase diagraﬁs of "granitic" rocks
(Tuttle and Bowen, 1958; Piwinskii, 1968).

The amount of HF or Li,0 required to lower significantly the
stability fields of plagioclase relative to quartz is not prohibitively
high. Accordi:ng to Wvllie anci Tuttle (1964, 1;. 937), to lower the
temperature of beginning of melting only requir;s "a few tenths of.l'
welght percent (of HF or Li,0) if a sﬁallgr préportion of‘total volatile
components.is employed' than they used in experimentation.

Comparison with Experimental Results

Figure 23 is a gressufe—temperature diagram of melting relations
in natural rocks (PHZO = Ptotal) that should be a best approximation
for the Palisades sill based on mean oxlde values, phenocryst mineral-
ogy, and experimental data from Piwinskii (19685‘and Piwinskii and
Wyllie (1970). Figure 23 is a synthesis of PT projections of phase
boundaries for eight igneous rocks fncluding granite (2}, granodiorite
(3), quartz monzonite (2), and tonalite {l). Since thé chemistry and

mineralogy of none of these samples can be directly correlated with

Palisades sill samples, the following reasoning has been used to
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construct the diagram: 1) The plagioclase phase boundary is based on
rocks not containing hornblende. " ¥hen hornblende 1s present, the
plagioclase phaselboundary is approximately 100° C higher at comparable
pressures. Whole rock CaD:NaZO ratios have liitle affect on the
boundary. 2) The biotite phase houndary is based on the only non-
granitic sample that contains no hornblende. Granites used in their
studies have extremely low FeZOB* and MgQ, and when hornblende is
present it other samples, the temperature of the biotite phase boundary
is relatively high. ‘

The experimental work-demonstrateé above (Fig. 23) agrees well.
with the crystallization sequence determined petrographically for the
Palisades sill. At pressures above 1.5 Kb, bilotite is the first mineral
to crystallize, followed by plagioclase .and quartz. Intrusion of the
811l occurred before the temperature reached.the K-feldspar phase
boundary. ‘The pressﬁre required needs to be above 1.5 Kb, deeper fhaﬂ
5.5 Km, but no upper limit éf pressure can be made. These assumptious
aré basgd on PH20 - Ptoéal* and although they are not strictly correct,
are probably reasonable estimatés.

System Q~Ab-An-Or-H,0 (saturated) as described by Winkler (1974)
and Winkler and others (1975) also demonstrates that the Palisades sill
magma underwent equilibrium crystallization.and crystallization in the
same mineralogic sequence as described above.- Figure 24 is a plot of
two samples using whoie~rock normative data. These samples were
chosen to represent extremes In composition. 'Most other samples plot
in or near the space between these two points. As shown from the
position of these polnts with respect to phase fields (assuming they

represent the composition of the melt), plagioclase lg the first min-
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eral expected to crystallize. As plagioclase crystallizes and temper~
ature lowers, the composition of the magma will move away from the
point along a nearly straight line which intersects that point and
a‘point on the Ab-An edge which is determined 5y the composition of the
plagioclase crystals., When the magma composition reaches the surface
Ej-Ep~E4, quartz will begin to crystailize. Magma composition will
move along or near the plagioclase-quartz boundary toward the cotectic
line, P-Eg, at which temperature K-feldspar begins to crystallize.
Since the temperature of crfstallization at point E5 is approxnimately
560 C higher thap at point P (Winkler and others,-1975; p. 267), the
liquid composition will move along ghe cotectic line toward P until the
remaining magma is crystallized.

System Ab—An-Q-ﬂzo {8 ugeful in demonstrating equilibrium crystal-
lization of plagioclase. Figure 25 gives the plot in the system Ab-An-
Q-H,0 ésaturated) of 20 samples using wmodal data. As stated previéusly,-
plagioclasé phenocrﬁsts of samples H17 and H25 have an Aﬁ-content of.
approximately 25 and 44, respectively; An-content of plagioclase In
the groundmass, nearly 0 for Hi7 and 18 for H25. Whole-rock Cad
composition is low for sample H17 and is high for sample H25 compared
wizh all other saﬁples. These data are consistent with equilibrium

crystallization of plagioclase as shown -in Figure 25.
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Figure 24, Plot of samples H13 and H23 using normative date on systeﬁ

An - Ab - Or - Q (PH20 = Protral) (Winkler and others, 1975, p. 246) .
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MODE OF EMPLACEMENT

A model for the mode of intrusion, emplacement, and possible
convective history before final crystallization cannot be precisely
defined. Chemical data are far more complete and accurate as well as
- show more variagion than does petrographic information; therefore,
they will be the basis for the model. To make such a model, the
topographic nature of the colleétion profiles. for the two profiles
is compared with chemical data both between the two profiles and
within the V-profile.

‘Tablé 1 and comparison of Figures 4, 5, and 8 demonstrate that
ne "stratigraphic” correiation of chemistry can be made between the
two profiles, ruling ocut a strictly horizontally layered intrusive
model, Furthermore, V-profile, which has a limited areal extent
{less than 450 m) shows less oxida variation than H-profile, which
has an areal extent of approximately 2,000 m (Tabtle 1). The magma
must have intruded in isochemical and isomineralogic "fronts" (iso-
pleths) that were apparently altered and mixed by convection before
complete crystallization. Figure 26 shows the cyclic chemical pattern
for H-profile using two highly variable elements, Ca0 and Rb. Several
f

large scale and corresponding cycles are shown for both el

Figure 27 is ‘the author's conception of the intrusion and chemical
distribution of the sill before convection. The isopleths could be

a result of continuous'change in the chemistry of the incoming magma or



Figure 26, Cyeclic Ca0 and Rb variation vs sample location in the H-ﬁrofile.
Sample location projected to a vertical plane containing dip of sill's

contacts.
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a result of "pulses” of different chemical composition. As magma intrud-
ed, previously intruded magma waQ'pushed in front. The exact
orilentatien and di?ection of movement of the isopleths cannot be
determined.

During the time interval when magma was being tapped from the
" chamber, the following two possibilities can explain the cyclic compo-
sitional-changes:
1) Thé variation could be caused by differential lonic diffusion as a
result of a temperature gradient in Lhe top of the magma chamber with
the differentiated part of the magma being removed in "pulses' repre-
sented by a complete cycle. Although no exﬁerimental evidence is
available, it may be reasonable .to postulate that Rb, Na, and Ca (the
most variable elements inconcentrationj diffused in the magma relative
to ; temperature gradient near the top of the magma chamber. Eichel-
berger (1975) demonstrates that a single ﬁagma body can have coexisting
felsic and intermediate composition. segments with a mixed zone between.
Since Na and Rb concentrations are the antithesis of Ca concentration
in samples from the ?ﬁlisades‘sill, Na and Rb may have been enriched at
a higher level than Ca or vice versa. Each compositional eycle shown
in Figure 26 represe;ts one pulse in which both Na + Rb enriched magma
and Ca enriched magma, both near the top of the chamber, were removed
(Fig. 28). A period of time must have elapsed before the next pulse
of magma was intruded, during which diffusion again produced a
concentration gradient,
2) Another explana;ion’involves partial melting at a constant depth
'from a subducting plate which moved at an Inconsistent rate with magma

being continually removed and intruded. Lipman and others (1972) have
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proposed subduction of an Imbricate zone during early and middle
Cenozoic giving rise to predominantly Intermediate composition volcanic
and intrusive rocks. The Palisades sill may be due to this magmatic
activity since the postulated subduction zone correlates both tempor—
ally and spatially (Fig. 29). Additionsl evidence for the Palisades
811l being related'to the subduction zone 1s that the magma source
depth of 280 km approximated from‘Figure‘Zg is close to the depth
calculated using chemlcal data. Mean 510, and K,0 values for the
Palisades sill in connection with data of Lipman and others (1972) for
the nearby Spanish Peaks igneous center is used to calculate the

magma source depth, found to be approximately 250 km. If tﬁe subducted
plate were almost stationary for a period of time, partial melting in

a l;mited area would produce a magma with a high Na 4 Rb:Ca ratio first,
changing to a lower ratio with time. If the plate were to move far
enough to bring fresh material into the zone of mélting and slow down
or stop again, the melting ‘sequence would occur for a second time.

The Palisades sill magma could be a result of partial melting of differ-

ent parts of an inconsistently moving plate.
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CONCLUSION

Figures 30 and 31 give a summary of mineralogic and chemical
changes in tbé magma as a result of equilibrium crystallization and
intrusion phenomenon of the Palisades si1l1l. Assuming a m&del that
primarily iavolves equilibrium crystallization, Figure 31 shows the
variation in all chemical constituents in the magma with decreasing
temperature.  The sequence of events that occurred with decreasing
temperature 18 as follows: 1) phenocryst crysta;lization (biotite,
plagioclase, and quartz}, 2) intrusioﬁ, 3) quartz resorption and
groundmass crystallization, 4) quartz crystallization, and 5) partial
dissolution (Fig. 30). As shown in Figure 31,-there i; considerable
overlap of temperature range for these processés. Finally, Figure 31

shous the change in mineralogy of the sill with decreasing temperature.



~Figure 30. Schematic diagram of phases and crystaliization
and alteration processes Qs temperature of crystallization.
Magnetite (1;53 than- 1 percent) is excluded.  Temperature
is very approximate - based on Figure 23 using data a 3 Kb

assuming PHZO = Protals
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Figure 31. Schematic diagram of oxide concentrations in the
magma vs temperature of crystaliization. Ti0, is excluded.
See Figure 30 for respective phases and crystallization and

alteration processey..
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APPENDIX A: WHOLE ROCK CHEMLCAL ANALYSIS

H-profile
~ sample 510, Al,04 Fe,0, Mg0 Ca0 Na,0 K,0 Ti0, total Rb St
number (%) oxides (ppm) (ppm)
Hi 67.93 16.14 2.88 0. . 2.96 0.30 98,18 £353 46

H2 68.08 15.33 2.32
H3 67.28 16.64 2.10
H4 67.59 15.58 2.58
HS 66.81 15.93 2.54.
H6 67.76 15.54 2.50
n7 68,10 15.71 2.47
H8 " 68.33 15.68 2.52
H9 ° 68.28 15.77 2.48
HIGC  68.77 15.80 2.42
H11  67.14 15.65 2.57
M2  68.32 15.99 2.56
H13  68.84 16.05 2.55
Hl4  68.97 15.92 2.48

15  '68.84 15.67 2.38
HL6  68.74 15.65 2.60
H17  69.00 15.75 2.50
H18  68.60 15.91 2.48
H19  66.90 15.67 2.46
HZ0  65.98 15.00 2.58
HZ1  67.66 15.61 2.48
H22  65.43 15.33 2.38
H23 68,22 15.63 2.35
H24  68.66 16.25 2.53
H25  67.74 15.67 2.48
H26  66.18 15.73 2.48
H27  68.16 16.33 2.62
H28  68.04 15.92 2.56
H29  68.52 15.75 2.45
H30  68.51 15.74 2.52
H3l  69.10 15.84 2.58
H32  67.57 15.33 2.48
H33  66.68 15.40 2.48

. H34  66.15 15.11 2.46
H35  66.14 15.43 2.42
H36  67.05 15.38 2.22
H37  66.48 15.89 2,42
H38  66.36 15.41 2,38
H39  67.04'15.49 .2.36
B4O0 . 64.76 15.75 2.47

-
-

97.46 588 61
97.66 467 64
97.25 662 60
97.00 434 61
97.40 615 57
97.98 983 52
97.85 659 63
98.21 767 54
98.32 944 53
97.55 776 57
98.34 966 60
98,67 985 57
98.54 1076 59
97.67 855 61
98.28 1071 54
98.27 697 60
98,30 991 57
96.67 468 56
95.47 310 54
97.19 684 58
95,27 436 68
97.89 630 62
98.80 964 54
97.85 640 60
95.96 411 60
98.75 831 64
97.76 771 63
98.30 884 58
98.26 750 59
98.75 904 56
96.96 645 58
95.92 508 71
95.44 269 61
95.61 251 54
96.15 340 58
96.65 507 61
95.49 607 58
96.47 523 63
94,60 422 75
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V-profile

sample 510, 41,0, Fe,0, Mg0 Ca0 K,0 Ti0, total Rb  Sr
number (Z) : oxides (opm) {ppm)

=]

]
N

o

Vi 66.33 15.41 2.38 0.68 3.52 3.95 3.28 0.27 95.81 562 = 62
v2 66.62 15.32 2.40 0.69 3.45 3.80 3.21 0.30 95.79 464 59
v3 68.43 15.56 2.46 0,74 3.01 4.51 3.36 0.27 98.34 912 55
V4 68.51 15.97 2.57 0.64 2.66 4.61 3.24 0.25 98.45 910 57
V5 . 68,91 15.58 2,49 0,68 2.66 4.43 3.28 0,27 98.30 893 61
V6 69.26 15.34 2,46 0.68 2,50 4.42 3.18 0.27 98.11 832 52
v7 68.24 15.81 2,44 0,55 2.63 4.64 3,20 0.26 97,77 940 56
v8 68.65 15.86 2.41 0,56 1.38 5.14 3.14 0,30 97.44 823 54
Ve 68,36 15.58 2.48 0,72 2.78 4.48 3.30 0.28 97.98 780 59
V10 68.36 15.81 2.58 0.73 1.78 4.36 3.34 0.32 97.28 644 56
Vil 68,22 15.98 2,46 0,70 2.76 &4.54 3.24 0.28 98,18 909 57
vliz 67.68 15.88 2,46 0.70 2.28 5.00 3.26 0.29 97.55 799 57
Vi3 68.68 15.77 2,48 0.60 1.73 5.36 3.32 0.27 98.21 922 60
V14 67.41 15.30 2.31% 0,64 3.14 4.40 3,12 0.26 96.38 590 57
V1s 66.08 15.61 2.44 0,78 3.37 4.44 3.18 0.30 96.20 617 59
vié 67.18 15.51 2,42 0,72 2.48 4.33 3.22 0.28 96.14 551 58
V17 66.40 15.73 2.46 0.66 3.17 4.50 3.30 0.28 96.50 606 59
Vi8  67.77 16.04 2.75 0.82 2.03 4.91 3.24 0.32 97.86 700 57
Vig 68.04 16.17 3.062 0,85 3.00 4.79 3,06 0.32 99.26 909 58
V20 67.37 15.41 2,98 0.90 3.00 4.91 3.320.33 98.22 934 55
Va1 67.53 16.49 2.81 0.76 1.00 S5.46 3.35 0.34 97.74 655 56
Va2 66.48 15.50 2.99 -0.84 2.67 4.82 3.30 0.36 9$6.96 370 63
v2s3 71.96 14.33 1.02 0.16 1.64 4,18 3.98 0.07 97.34 486 122
V24 71.83 14.65 1.04 0.16 0.83 5.68 4.04 0.08 97.31 549 108
V25 69,27 15.31 1.50 0.24 1.83 4.44 3,20 0.29 96.08 677 57 -
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APPENDIX B: "STRATIGRAPHIC" DISTANCE OF
SAMPLES FROM LOWER CONTACT

H-profile . V-profile.
actual actual recalculated distance®
distance distance ~ (used in Thesis)
H1 0.5 Vi ¢.3 D.3
H2 27.7 - v2 c.1 21.1
u3 77.1 V3 18.3 20.4
"4 93.9 vh 27.4 30.5
HS 83.8 V5 42.9 47.9
J:13] 80.8 H26 | 271.9 Ve . 64,0 71.0
H7 86.9 H27  277.4 v7 75.0 83.5
H8 85.6 . H28 282.5 v3 91.7 102.1
HS 92.4 H2%  289.0 ve 106.3 118.3
H10 120.4 H30  303.0 vio 120.i 133.5
H11 139.0 31  311.8 vii 134.7 149,.7
Hi2 149.0 H32 324.3 vlz 160.3 ~ 178.3
H13 164.0 H33  332.5 Vi3 174.9 194.5
K14 176.8 H34 346.3 visa  191.4 212.8
~ H15 188.1 H35 353.0 Vis  206.0 228.9
H186 202.4 H36 357.2 _ Vié  218.8 243.2
Hiz 211.8 Hi7  366.7 V17 231.6 257.6
Hig8 218.2 H38  378.9 v1i8  251.7 279.8
H19 224.3 H39  381.9 V19 262.4 291.7
H20 232.0 B40  382.8 v2g  275.8 306.6
H21 245.1 V21 292,86 325.2
H22 242.3 v22  306.0 340.2
H23 250.9 v23 . 319.7 ' 385.4
H24 262.7 v24  329.8 366.4

H25 259.4 V25  343.5 381.6



APPENDIX C: ANALYTICAL PROCEDURES, PRECISION, AND ACCURACY

X-ray Fluorescence Analytical Information

Element Tube Crystal Datector Line
Si Cr PET Ylow proportional %*1 2
(gas) ?
Ca Cr PET Flow proportional K
Ti Cr PET Flow proportional Kal 9
{gas) ' ?
Sr Mo LiF (220) Scintil}ation Khl,z
b Mo LiF (220) Scintillation K

Comments

Fized time count (10 sec.).
Background not counted,
Vacuum used.

Fixed time count (10 seec.).
Background not counted.

Fixed time count {10 sec.).’

Background not counted.
Vacuum used.

Fixed count of 10,000 and
40,000 on 3 backpgrounds
and 2 peaks, respectively.

_ Pixed count of 10,000 and

40,000 on 3 backgrounds
and 2 peaks, resgpectively.

K22



Atomic Absorption Analytical Information

Element Line = _
Na vis / 293.5
K vis / 382.0
Al UV / 309.4
Mg uv / 285.4
Fe UV / 249.3

Fuel / Oxldent

Acetelene / air

" Acetelene / alr

Acetelene / X0,

Acetelene / airy

Acetelene / alr

Read Out

Null metar
Null meterx
Nuil meter
Null meter

Nulllmeter

75



Accuracy

‘Major Element Resulte on Stendsrde

76

AGV 61 W
A% 8102 59.00 69.19 52.6¢4 54,48
Be® 59,14 68,95 52.26 56.75
A A1203 17.25 15.34 15.85 13.696

17.35 15,04 - 13.36
A Fezos* 6.80 2.77 11.09 13,51
B - 2,75 —— —-—
A Mg0 1.53 0.78 6.62 3.28
B - 0.79 - -
A Cal0 4,98 . 1.99 10.96 6.95
B . 5.00 1,95 - -
A Na,0 4.33 4.15 2.15 2,21
B 4' 34 ——— — 3¢ 2?
A X0 2,90 4,51 0.64 1.68
B 2-96 4.51 0- 61 -
A 2192 1.08 0.53 1.07 2.23
B - 0.52 - -
* w Accepted value from Flanagan (1973).
** = This gtudy.

-Precision

5102 A1203 F3203* Mg0 Ha20 Kq0

Coefficient of 0,32  0.90  0.90 .1.33 0.67

Variation

0.61
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