
Lithos 230 (2015) 121–132

Contents lists available at ScienceDirect

Lithos

j ourna l homepage: www.e lsev ie r .com/ locate / l i thos
Evolution of late stage differentiates in the Palisades Sill, New York and
New Jersey
Karin A. Block a,⁎, Jeffrey C. Steiner a,1, John H. Puffer b, Kevin M. Jones c,2, Steven L. Goldstein c

a Department of Earth and Atmospheric Sciences, The City College of New York, New York, NY 10031, United States
b Department of Earth and Environmental Sciences, Rutgers University, Newark, NJ 07102, United States
c Lamont-Doherty Earth Observatory and Department of Earth and Environmental Sciences, Columbia University, Palisades, NY 10964, United States
⁎ Corresponding author. Tel.: +1 212 650 8543; fax: +
E-mail address: kblock@ccny.cuny.edu (K.A. Block).

1 Deceased.
2 Present address: Exxon-Mobil Corporation, Houston,

http://dx.doi.org/10.1016/j.lithos.2015.05.018
0024-4937/© 2015 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 12 February 2015
Accepted 25 May 2015
Available online 30 May 2015

Keywords:
Granophyre
Palisades
Diabase
Ferrogranophyre
CAMP
The Palisades Sill at Upper Nyack, NY contains evolved rocks that crystallized as ferrodiabase and
ferrogranophyre and occupy 50% to 60% of the local thickness. 143Nd/144Nd isotope values for rocks representing
Palisades diversity range between 0.512320 and 0.512331, and indicate a homogeneous source for the Palisades
and little or no contamination from shallow crustal sediments. Petrographic analysis of ferrodiabase suggests that
strong iron enrichment was the result of prolonged quiescence in cycles of magmatic input. Ferrogranophyres in
the updip northern Palisades at Upper Nyack are members of a suite of cogenetic rocks with similar composition
to ‘sandwich horizon’ rocks of the southern Palisades at Fort Lee, NJ, but display distinctmineralogical and textur-
al features. Differences in textural and mineralogical features are attributed to a) updip (lateral) migration of
residual liquid as the sill propagated closer to the surface; b) deformation caused by tectonic shifts; and
c) crystallization in the presence of deuteric hydrothermal fluids resulting in varying degrees of alteration. A
model connecting multiple magmatic pulses, compaction and mobilization of residual liquid by compositional
convection, closed-systemdifferentiation, synchronouswith tapping of the sill for extrusion of coeval basaltic sub-
aerial flows is presented. The persistence of a low-temperature mushy layer, represented by ferrogranophyres,
supports the possibility of a long-lived conduit subject to reopening after periods of quiescence in magmatic
input, leading to the extrusion of the multiple flows of the Orange Mountain Basalt and perhaps even subsequent
Preakness Basalt flows, depending on solidification conditions. A sub-Newark Basin network of sills subjected to
similar protracted input of pulses as hypothesized for the Palisades was likely responsible for 600 ka of magmatic
activity required to emplace a third set of Watchung flood basalts, the Hook Mountain Basalt.

© 2015 Elsevier B.V. All rights reserved.
1. Introduction

Fractional crystallization of tholeiitic magma typically produces a
small amount of felsic residue that remains trapped interstitially. As
mafic components are removed from the magma, the granophyre
fraction increases during the later stages of tholeiite crystallization to
occupy approximately 7–12% of the rock body (Carmichael, 1964). In
some cases, the volume of late-stage differentiates, and granophyre in
particular, is significantly larger thanwhatwould be expected from sim-
ple fractional crystallization. The northern limb of the Palisades Sill of
New York and New Jersey contains a thick layer of granophyre that
occupies more than 25% of the intrusion thickness. The occurrence of
voluminous granophyres in mafic intrusions has been attributed to a
1 212 650 6482.
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variety of processes such as contamination by anatexis of country rock
and extreme fractionation. In this work, we report petrographic and
geochemical results from analysis of a near-continuous granophyre-
rich section of the Palisades Sill at Upper Nyack, NY to provide a basis
for comparison to sections to the south, particularly the comprehensive-
ly sampled stratigraphic section at Fort Lee, NJ (Shirley, 1987). The latter
has provided subsequent researchers with valuable geochemical and
petrographic data for assessing a number of competing hypotheses
(e.g., Latypov, 2003; Puffer et al., 2009). Samples from Upper Nyack
were analyzed for major oxides, trace elements, and mineral chemistry
to establish correlative horizonswith other portions of the sill. To assess
the influence of entrainment and assimilation of crustal rocks on grano-
phyre production, Sm–Nd isotope analyses were collected on a set of 16
samples from throughout the Palisades in addition to Upper Nyack and
nearby country rocks exhibiting varying degrees of contact metamor-
phism. We present evidence of lateral migration, episodic deformation,
and metasomatism leading to the generation of a thick layer of evolved
liquids. Lastly, we present a model that accounts for the observed fea-
tures, and that ties late stage differentiates to coeval extrusives of the
Newark Basin, the Watchung flood basalts.
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2. Background

2.1. A brief overview of granophyres

Granophyres are broadly used to describe felsic bodies occurring in
mafic rocks. A “granophyre texture” consists of cauliflower-like inter-
growths of quartz and feldspar associated with titanomagnetite and ap-
atite. During fractional crystallization, these granophyric constituents
increase in total volume as the mafic body evolves ultimately resulting
in felsic rocks that can be compositionally described as analogous to
granites, trondhjemites, diorites, tonalites, and monzonites. Some au-
thors have extended the usage to include granophyres with intermedi-
ate to high silica (~56–73 wt.%) and high iron content (N10 wt.%), and
are described as ferro- or melano-granophyres (McBirney, 1989).

Several hypotheses have been suggested as alternatives to simple
fractional crystallization to account for granophyre horizons inmafic in-
trusions. The most common of these are: assimilation of siliceous coun-
try rock (Sierra Anchadiabase; Smith and Silver, 1975); compaction and
filter pressing (Skaergaard intrusion; McBirney, 1995; Palisades sill;
Shirley, 1987; Graveyard Point Intrusion; White, 2007); reaction of re-
siduumwith a) hydrothermal chloride-rich liquids (Stillwater complex;
Czamanske et al., 1991), or b) iron-rich volatiles (Dillsburg sill; Hotz,
1953); and liquid immiscibility (Skaergaard intrusion; Jakobsen et al.,
2005; McBirney and Nakamura, 1974; Naslund, 1983; Bushveld com-
plex; VanTongeren and Mathez, 2012; VanTongeren et al, 2010; also
in the North Mountain Basalt; Greenough and Dostal, 1992).

In hypabyssal intrusions similar to the Palisades, inordinately thick
granophyres are attributed to other mechanisms. The granophyres of
the Endion Sill are hypothesized to have accumulated by either of two
ways: a) migration of late stage liquids updip, or b) as a separate felsic
pulse unrelated to fractionation (Ernst, 1960). The idea of updip migra-
tion of residual magmatic liquids has also been proposed for the Plains
sill (Poage et al., 2000), for the diabase sheet system of the Culpeper
Basin (Froehlich and Gottfried, 1988; Woodruff et al., 1995), and the
York Haven diabase sheet of Pennsylvania (Mangan et al., 1993), and
the western portion of the Palisades intrusive system of western New
Jersey and eastern Pennsylvania (Husch, 1992). We will show that
some of these processes apply to the granophyres of the Palisades, par-
ticularly updip migration of residual fluids.
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Fig. 1.Map showing location of Newark Basin tholeiites discussed in this study. L
2.2. Geology and petrology of the Palisades Sill

The Palisades Sill is a large, shallow diabase body that intrudes sed-
imentary strata of the Newark Supergroup. The sill is a member of the
Central Atlantic Magmatic Province (CAMP) associated with the rifting
of Pangea in the late Triassic/early Jurassic (Marzoli et al., 1999, 2011).
The sill is dated at 201 ± 1 Ma by U/Pb (Dunning and Hodych, 1990),
201.4 ± 2.6 Ma by 40Ar/39Ar (Turin, 2000), 200 ± 1 Ma by 40Ar/39Ar
(Baksi, 2007) and 201.520 ± 0.031 by U/Pb (Blackburn et al., 2013).
Marzoli et al. (2011) determined that the Palisades was subject to
prolonged magmatic input yielding upper Palisades 40Ar/39Ar dates as
late as 195 Ma.

The intrusion is shallow and tabular, ranging in thickness from 250
to 340 m, thinning northward along the western bank of the Hudson
River. The sill is mostly concordant, dipping 10–15° W through Upper
Nyack, NY (Fig. 1) and extending approximately 150 km along strike
with estimated depth of emplacement of 3–4 km (Faust, 1975). The
sill is in contact with late Triassic members of the Newark Supergroup
(Olsen, 1980); the Stockton Formation at its base in its southern limb
(Staten Island, NY and in New Jersey) and the Lockatong Formation at
its northern limb (Rockland County, NY). In Rockland County, NY the
sill becomes discordant, adopts a much steeper dip and curves into a
ring dike as it trends toward the surface and then breaks out to extrude
as basalt. In fact, some workers have hypothesized on the basis of geo-
chemical (Husch, 1988) and magnetic data (Maes, 2006) that the Pali-
sades magma originated at depth in the south near Staten Island and
propagated northward toward the surface with each pulse. A map of
the study region and focus areas for this study is shown in Fig. 1.

The Palisades has been a focal point for ongoing inquiry for over a
century. This has been facilitated by well-exposed outcrops and large-
scale heterogeneity progressively revealed over its long history of
study. In the Palisades, and layered sills in general, mafic phases are
dominant near the basal contact, with increasing fractions of felsic com-
ponents toward the upper contact; for example see Gibb andHenderson
(1992, 2006).

Early petrogeneticmodels of the Palisades focused on a lower olivine
layer, and the preponderance ofmafic constituents, in the lower portion
of the sill, ostensibly interpreted as the result of in situ fractionation of a
single event of magma following Bowen's reaction series (Lewis, 1908;
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Walker, 1940). However, for most of the study history of the Palisades
theworkingmodel that best explains the various geochemical andmin-
eralogical features in the sill is based on input of multiple pulses of
magma.

The first viable multiple pulse model was developed by Walker
(1969). Walker analyzed the geochemistry and petrography of suites
of specimens representative of variations along stratigraphy for expo-
sures at a series of locations along strike fromKings Bluff to Haverstraw.
His work revealed that the famous olivine zone extended for a limited
southern portion of the exposed sill along strike. Shirley (1987) follow-
ed up thiswork through comprehensive analysis of a continuous section
in Fort Lee, NJ, where he attributed spikes and reversals in Mg#
(100 ∗ Mg/Fe + Mg) and trace elements (Ni, Co) at 10, 35, 95 m above
the basal contact to the input of three or four magma pulses. Shirley
found that maximum concentrations in incompatible elements in the
“sandwich horizon” granophyres occurred where the upper and lower
solidification fronts met, and were caused by compaction and filter
pressing that expelled more buoyant residual liquid upwards through
the crystal mush.

A follow-up quantitative analysis of textural anisotropy in plagio-
clase chain networks (Gray et al., 2003), revealed that the sill was
emplaced in its present dip orientation and that overall compaction in
the sill was ~8%, resulting in down-dip slumpingof the crystalmush. Ev-
idence from AMS fabrics obtained through analysis of shape preferred
orientation of magnetite and plagioclase in the Palisades (Maes, 2006)
is consistent with the findings of Gray et al. (2003) regarding the sill's
present orientation. However, the latter study did not find evidence of
compaction post-emplacement.

A larger context to the crystallization of the Palisades was proposed
byHusch (1990)who suggested thatmultiplemagma types from a het-
erogeneousmantle could account for the internal layering andmineral-
ogical differences in various parts of the sill. Specifically, he noted a
dissonance with regard to expected fractionation trends.While thema-
jority of the intrusion is dominated by pyroxene fractionation, as would
be expected in a quartz tholeiite, he noted that production of an olivine
zone would require a fractionation trend typically associated with oliv-
ine tholeiites. Instead of regarding the olivine layer as a second pulse
that was Mg-rich and crystallized primary olivine, he proposed that
the olivine layer was the entrained residue of a deep magma chamber,
emplaced as a smeared lens over previously injected material.

Subsequent studies of the Palisades by Steiner et al. (1992) and
Gorring and Naslund (1995), have elaborated on Husch's hypoth-
esis. Steiner et al. (1992) proposed a cumulus-transport-deposition
model that argues for multiphase fractionation induced by convective
overturn, followed by deposition of cumulates through flow differentia-
tion. Gorring and Naslund (1995) found that geochemical reversals in
Mg#, Cr, and Ni trends in the lowermost 100 m in the sill were in fact
markers of magma input events. They suggested that magma chamber
recharge could account for heterogeneity in the layering of the Pali-
sades. Most recently, Puffer et al. (2009) connected geochemical trends
and reversals corresponding to discrete pulses in the Palisades with
similar trends in two nearby flood basalts indicating that the sill there-
fore served as a conduit or feeder for prolonged extrusion during rifting
of Pangea.

3. Materials and methods

3.1. Sampling

Upper Nyack samples were collected along route 9 W and in Upper
Nyack State Park (UNSP) in Rockland County, NY. Rocks from approxi-
mately 6 m to approximately 32 m above the chilled margin were sam-
pled at six locations along the base of the 50 m UNSP escarpment.
Specimens were also collected across strike from 17 to 195 m. A third
set was collected from 230 to 250 m relative height along route 9 W.
A Google Earth file with sample locations and metadata is available in
the SupplementaryMaterials (Palisades.kmz). The upper chill sequence
is not exposed. Granophyre samples from the Fort Lee section were ac-
quired at the map location of the sandwich horizon reported by Shirley
(1987). Additionally, samples representative ofmajor textural and com-
positional horizons of the sill from locations in Alpine, NJ and Piermont,
NY were chosen for Sm–Nd isotope analysis. A complete list of samples
analyzed, available metadata, major oxide and trace element chemistry
is included in Table A1 in the Supplementary Materials.

3.2. Bulk rock chemistry

Major oxide concentrations were obtained through analysis of glass
beads (Johnson et al., 1999) on a Philips PW 1400 X-ray fluorescence
spectrometer at the Department of Earth and Atmospheric Sciences of
The City College of New York except for samples as noted which were
analyzed by fusion ICP-MS at Activation Laboratories, LTD in Canada
or by microanalysis of polished glasses conducted on a Cameca SX-100
electron probe at the American Museum of Natural History operating
at 15 kV accelerating voltage and 10 nA beam current. Trace element
concentrations were obtained by ICP-MS at Activation Laboratories
LTD, in Canada. The relative error is estimated at 2% for major oxides
(up to 10% for Na2O) and 1–15% for trace elements. Measured and
certified values for trace element values of USGS standards BIR-1 and
DNC-1 are included with the data.

3.3. Mineral chemistry and electron microscopy

Minerals were identified on the basis of composition for representa-
tive Upper Nyack and Fort Lee ferrogranophyres and Upper Nyack
ferrodiabases. Quantitativemineral chemistrywas obtained on polished
thin sections of ferrogranophyre samples RL-2, RL-7 (Upper Nyack) and
sample F-2 (Fort Lee) at the American Museum of Natural History on a
5-spectrometer Cameca SX-100 electronmicroprobe operating at 15 kV
accelerating voltage and 10 nA beam current. Analyses were calibrated
using synthetic and natural standards and the total error is estimated at
1–2%. Semiquantitative mineral identification on polished thin sections
was determined on Upper Nyack ferrodiabase sample R-14,
ferrogranophyres R-30, and RL-2, and Fort Lee ferrogranophyre F-4 on
a Zeiss Supra 55 V scanning electron microscope (SEM) equipped with
energy dispersive x-ray analyzer (EDS) operating at 15 kV accelerating
voltage and 15 nA beam current with a spot size of 1 μm. ZAF correction
was applied to EDS compositions and compared to compositions of
analogous samples obtained by electron microprobe.

3.4. Isotope analysis

Nd isotopic compositions and Sm–Nd concentrations were mea-
sured on a VG 54-30 thermal ionization mass spectrometer (TIMS) at
the Lamont-Doherty Earth Observatory run in dynamic mode on
whole rock samples prepared using standard chemical preparation pro-
cedures. Sm concentrationsweremeasured on a VG AxiomMC-ICP-MS.
Nd isotopes and Sm–Nd concentrations used a mixed 149Sm–150Nd
spike using the total spiking method, i.e., the Nd isotope ratio and con-
centration were measured on the same dissolution. 143Nd/144Nd ratios
are corrected for instrumental mass fractionation relative to
146Nd/144Nd = 0.7219 and normalized to a value of 143Nd/144Nd =
0.511860 for the La Jolla standard which yielded a measured mean
value of 0.511855 and external reproducibility of 2σ = ±0.000015
(n = 18), which we take as the estimated error.

3.5. Solidification time calculation

Solidification time was calculated using the numerical solution of
Shaw et al. (1977). A detailed procedure for the application of the
model using the Crank and Nicolson (1947) implicit finite difference
method is described by Philpotts and Ague (2009). The method
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employs a numerical solution to deriving solidification time by solving
the one-dimensional form of Fourier's Law of Heat Conduction given by

dT
dt

¼ k
d2t
dz2

 !
ð1Þ

where T is the temperature, t is time, k is the thermal diffusivity (m/s2),
and z is distance across a grid with cell size δz. The temperature is
obtained through calculation of heat flow across a series of cells. The
amount of heat, Q, is determined by

Q ¼ −
K ΔTð ÞAδt

δz2
ð2Þ

Where K is the thermal conductivity, ΔT is the change in tempera-
ture between adjacent cells, A is the cross-sectional area, which is de-
rived from δt and δz. The change in heat content of a cell in the grid,
δQ, depends on the change in temperature, δT, in the ith cell. The change
in temperature, δT, is given by

δT ¼ δQ
CρV

ð3Þ

where C is the heat capacity, ρ is the density and V is the volume, and
which for cells can be expressed as

δTi ¼ k
δt
δzð Þ2

Tiþ1−2T1 þ Ti−1ð Þ ð4Þ

and temperature is a function of δt and δz, chosen so that k δt/(δz)2 ≤ 0.25.
The implicit finite-difference method of Crank and Nicolson (1947) was
applied to Eq. (4) to obtain the temperature for each cell in the grid and
generate a geothermal gradient at t = 0. Solidification time for a basaltic
pulse was determined by introducing a thermal perturbation to the geo-
thermal gradient at the desired depth and running the numerical model
to obtain the time elapsed before relaxation of the gradient to a particular
temperature.
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section exhibits high concentration of FeOT and TiO2 for more than 60% of its total thickness. H
than at Fort Lee where similar rocks occupy a horizon from ~275 to 300 m.
4. Results

4.1. Major oxide bulk chemistry

The bulk composition of theUpperNyack suite is reported in Table A.1
(in the Supplementary Materials). Major oxide variations with strati-
graphic height in the sill are plotted in Fig. 2(a–e) along with data from
the section at Fort Lee (data from Shirley, 1987). SiO2 concentration
ranges from ~50 wt.% to ~53% for most samples from Upper Nyack with
higher concentrations at 60 m, 180 m, and upwards of 195 m above the
basal contact. Samples with SiO2 concentrations lower than 50 wt.% at
Upper Nyack correspond to rocks containing high concentrations of
TiO2 (Fig. 2b) and FeOT (Fig. 2c), indicative of crystallization of
titanomagnetite (discussed below in further detail). MgO concentration
at Upper Nyack is highest from the basal contact to 25m attaining amax-
imum of ~7 wt.%, then slowly decreases with stratigraphic height to pro-
duce an S-shape profile also found at Fort Lee (Puffer et al, 2009) that is
typical of layered intrusions (see for example Gibb and Henderson,
2006). However, the trend is less prominent than the profile observed
at Fort Lee (Fig. 2d). From 6 to 124 m, the majority of Upper Nyack sam-
ples have TiO2 concentration between 1 wt.% to 2 wt.% and FeOT values
between 9 wt.% and 13 wt.%. These concentrations correspond to High-
Titanium Quartz (HTQ;Weigand and Ragland, 1970) magma, which cor-
relateswith theOrangeMountain Basaltflow(Puffer et al., 2009) and Fort
Lee rocks identified as Pulse 1 by Shirley (1987). At 84 m (sample R-14)
and above 124mat UpperNyack TiO2 increases, reaching values between
2 wt.% and 4 wt.% and FeOT values of 14 wt.% to 18 wt.%, similar to the
compositions approached by the iron-rich (14wt.% to 16wt.%) gabbroids
andpegmatoids in the lowermostflowof the Preakness Basalt (Puffer and
Volkert, 2001) and high-iron basalts of the third set of Watchung flows,
the Hook Mountain Basalt (Fig. 3).

The concentration of K2O at Upper Nyack is less than 0.9 wt.% from
the basal contact to 160 m after which it increases sharply, reaching a
maximum of ~3 wt.% (Fig. 2e), and indicating that approximately half
the thickness of the Upper Nyack section consists of fractionation prod-
ucts. Together, major oxide variation indicates that most of the Upper
Nyack Palisades is significantly more fractionated than sections south
in New Jersey, such as in Fort Lee (Shirley, 1987), Englewood Cliffs,
Weehawken, and Union City (Walker, 1969).
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4.2. Trace element chemistry

Trace element concentrations for a subset of Upper Nyack samples
and the two Fort Lee samples are reported in Table A.1 (Supplementary
Materials). The primitive mantle-normalized trace element distribution
of Upper Nyack diabase, ferrodiabase and Upper Nyack and Fort Lee
ferrogranophyres are shown in Fig. 4. Diabase (dashed black lines),
ferrodiabase (solid black lines) and ferrogranophyres (gray lines) follow
a pattern of increasing concentration in HFSE and REE as the magma
becomesmore fractionated. Variations in concentration of incompatible
elements with stratigraphic height produce profiles (not shown) that
mimic K2O behavior (see Fig. 2e). High Th/La ratios (0.15–0.22) and a
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Fig. 4. Primitive mantle normalized trace element distribution in Upper Nyack diabase
(dashed black lines), Upper Nyack ferrodiabase (solid black lines), and Upper Nyack and
Fort Lee granophyres (gray lines). Similarities in the profiles indicate homogeneity in
source magma and increases in concentration of nearly all the elements as the magma is
progressively more fractionated. The pronounced Pb spike in the least fractionated rocks
is indicative of continental material in the magma source and becomes less pronounced
as the magma evolves. There is no positive europium anomaly in Upper Nyack diabase,
indicating that filter pressing did not have a pronounced effect in Upper Nyack.
marked positive Pb anomaly are indicative of a continental crust com-
ponent in the magma and is a feature commonly found in continental
flood basalts. Sr and, in some rocks, Eu in the Upper Nyack diabase ex-
hibit a flat profile, which may indicate that either compaction of the
mush was not as prominent in Upper Nyack as in Fort Lee or cumulus
plagioclase re-equilibrated with a later, more differentiated magma.
However, negative anomalies of both elements in ferrodiabase and
ferrogranophyres reflect depletion of Ca in the magma as a result of
plagioclase-dominated fractionation. The largely uniform, parallel
pattern in incompatible elements suggests a common magma source
or that the source magmas were homogenized during transit to the
near surface.

The concentration of copper is highly variable near the basal contact
and in themid- to upper sectionwhere the sill is most evolved. The con-
centration is 150 ppm from 30 m to 124 m after which it builds up to
reach a maximum of 380 ppm at ~200 m. Wide fluctuations of Cu at
the base of the Palisades sill are shown in Fig. 5. Evenwider fluctuations
of Cu are found near the base of comagmatic Palisades offshoots such as
the Arlington Sill (Puffer, 1998; Puffer and Graham, 2005) and other
Eastern North America CAMP sills that are associated with Cu ore
deposits and have been interpreted as hydrothermal (Robinson, 1988).

4.3. Sm–Nd isotopes

The 200 Ma age-corrected 143Nd/144Nd ratios in 10 samples of Pali-
sades diabase and granophyres (Table 1) are within error of each
other, falling within the narrow range 0.512320 to 0.512331 (average
value=0.512324) indicative of a common source for all of the Palisades
samples. The εNd (200Ma) values ranging from−1.0 to−1.2, are typ-
ical of continental flood basalts. Neodymium isotope ratios of country
rocks andmetasediment fall in the range expected for crustal sediments
and reveal no mixing relationship with Palisades magma to produce
granophyres (Fig. 6).
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Table 1
Sm–Nd concentrations and isotopic results.

Sample Rock type Sm Nd 147Sm/144Nd 143Nd/144Nd 143Nd/144Nd εNd

ppm ppm (200 Ma)

A-29 Diabase 3.07 12.5 0.1485 0.512514 0.512320 −2.4
A-RB Diabase 3.22 13.0 0.1499 0.512522 0.512326 −2.3
KBPM-8 Diabase 2.82 11.6 0.1473 0.512514 0.512321 −2.4
C-23 Diabase 3.55 14.9 0.1438 0.512515 0.512326 −2.4
K-6 Diabase 4.83 20.6 0.1418 0.512516 0.512330 −2.4
R-29 Diabase 7.79 32.3 0.1459 0.512514 0.512323 −2.4
RL-2 Granophyre 11.7 50.3 0.1404 0.512511 0.512327 −2.5
RL-7 Granophyre 12.7 55.4 0.1390 0.512513 0.512331 −2.4
F-2 Granophyre 13.3 57.4 0.1403 0.512510 0.512326 −2.5
F-4 Granophyre 12.4 55.0 0.1364 0.512510 0.512331 −2.5
JJ4A Hornfels 8.33 41.3 0.1220 0.512074 0.511915 −11
N-1 Hornfels 2.05 9.52 0.1298 0.512184 0.512014 −8.9
N-2 Hornfels 7.70 40.9 0.1138 0.512109 0.511960 −10
N-3 Shale 6.54 34.9 0.1133 0.512014 0.511866 −12
P-1 Hornfels 4.37 25.3 0.1042 0.512143 0.512007 −9.7
P-2 Sandstone 2.35 13.2 0.1077 0.512151 0.512010 −9.5
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4.4. Petrography and mineral chemistry

4.4.1. Petrography
The rocks from Upper Nyack can be geochemically classified into

three groups: ordinary diabase (9–13 wt.% FeOT) in the lower one
third of the section from 6 m to ~100 m, ferrodiabase (14–18 wt.%
FeOT) at 84 m and from ~124 m to ~200 m and ferrogranophyre
(N14% FeOT) from ~200m to ~300m. Thin sectionmicrographs of sam-
ples representative of the three types and Fort Lee ferrogranophyres are
shown in Fig. 7a–h. Diabase exhibiting typical subophitic texture with
augite microphenocrysts and plagioclase laths, glomeroporphyritic
clusters, and secondary titanomagnetite is shown in Fig. 6a and b, corre-
sponding to sample R-6 (40 m). At 84 m where FeOT reaches a maxi-
mum of 18%, the texture corresponds to a coarse ferrodiorite with
abundant skeletal opaques, large euhedral plagioclase, and interstitial
pyroxene (Fig. 7c and d). Higher in the section, (124 m to180 m) the
ferrodiabase exhibits a similar texture to that observed at 84m, howev-
er, there is evidence of alteration with hornblende replacement on py-
roxene rims and partial sericitization of plagioclase. From 168 m to
250 m the most evolved differentiates are ferrogranophyres containing
abundant interstitial myrmekite and opaques, and exhibiting evidence
of hydrothermal alteration, shown in Fig. 7e and f. For comparison, mi-
crographs of Fort Lee sandwich horizon sample F-4 (Fig. 7g and h) show
significant deuteric alteration exemplified by pyroxenes almost entirely
replaced by amphibole, sericitized plagioclase, and abundant
myrmekite. The assemblages appear to have sheared during crystalliza-
tion to produce a fabric reminiscent of metamorphic texture (Fig. 7h).
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4.4.2. Electron microscopy and mineral chemistry
Mineral compositions analyzed by electron probe microanalysis and

SEM-EDS are reported in Tables A.2 and A.3 (Supplementary Materials).
Evolved iron-rich rocks dominate the Upper Nyack section starting at ap-
proximately 100 m above the base and encompassing ~30% of the intru-
sion and indicate the persistence of near closed-system fractionation
conditions. Ferrodiabase sample R-14 contains opaques consisting of
titanomagnetite with ferrian ilmenite lamellae surrounding inclusions of
fayalite and quartz (Fig. 8a). Plagioclase is labradoritic and clinopyroxene
is iron-rich, exhibiting some alteration to ferrohornblende. From ~200 m
to 280 m (samples R-29, R-30, R-31) where the sill transitions from
ferrodiabase to ferrogranophyre, the assemblages consist of ferroaugite
with ferrohornblende rims, sodic plagioclase, apatite, and abundant inter-
stitial myrmekite. (Fig. 8b; sample R-30). Skeleto-ilmenite remains of
ilmeno-magnetite intergrowths are evidence of near complete leaching
of the magnetite portion (Fig. 8c) of Fe–Ti opaques.
4.4.2.1. Comparison of sandwich horizon granophyres: Fort Lee and Upper
Nyack. The final stages of crystallization, represented by Upper Nyack
samples RL-2 and RL-7, and their analogs at Fort Lee, samples F-2 and
F-4 are compositionally nearly identical (Table 2). However, the miner-
alogy and texture of ferrogranophyres at Upper Nyack is significantly
different from Fort Lee (Fig. 9a–b).

Upper Nyack ferrogranophyres are finer-grained with crystal diam-
eters in the range of hundreds of μm (Fig. 9a). Themineral assemblages
at Upper Nyack include remnant ferroaugite often corroded or altering
to Fe-biotite (annite), supporting the presence of higher temperature
(magmatic) fluids post-crystallization. The mesostasis consists of
pockets of oligoclase and myrmekite with accessory titanomagnetite
and apatite. Ferrohornblende is a metasomatic product of pyroxene al-
teration. Plagioclase is pervasively sericitized. Fayalite alteration leads
to annite + quartz, which is stable at 590–610 °C (Dachs and Benisek,
1995) under QFM fO2 buffer conditions. This is consistent with the
titanomagnetite–ferrian ilmenite exsolution also observed throughout
the Upper Nyack section that corresponds to stability temperatures
lower than 800 °C.

In contrast, ferrogranophyres at Fort Lee are coarse-grained, contain-
ingmm-size crystals and exhibiting signs of extensivemetasomatic alter-
ation (Fig. 9b). Deuteric assemblages consist of quartz, microperthitic
anorthoclase, remnant plagioclase, and ferroaugites altered to amphibole.
Microanalysis reveals that amphiboles are primarily ferrohornblendes
with significant alteration to ferroactinolite. Microaplite (aggregates of
K-feldspar, oligoclase, quartz myrmekite) occur in response to pressure



Fig. 7. (a–h). Representative thin sectionmicrographs of Upper Nyack diabase, ferrodiabase, ferrogranophyres, and Fort Lee ferrogranophyres. a–b. Sample R-6 (diabase) exhibiting typical
subophitic texture with minor interstitial opaques. c–d. Sample R-14 (ferrodiabase) exhibiting abundant skeletal opaques (magnetite) and near-equal amounts of pyroxene and
plagioclase; some alteration of pyroxene at the rims is present. e–f. Sample RL-2 (ferrogranophyre) exhibiting large elongate plagioclase, partially sericitized; large apatite crystals,
abundant myrmekite is present throughout the sample and pyroxene is almost entirely replaced by hornblende. g–h. Sample F-4 (ferrogranophyre, Fort Lee) is characterized by
assemblages typical of crystallization under hydrothermal conditions; sericitized plagioclase, quartz, myrmekite, biotite, and amphibole are present throughout;microfabric in h. indicates
shearing during the last stages of crystallization. Mineral abbreviations: plagioclase (pl), pyroxene (px), magnetite (mt), hornblende (hb), biotite (bt), quartz (qtz), myr (myrmekite).

127K.A. Block et al. / Lithos 230 (2015) 121–132
quench. Together, the assemblage is here interpreted as the result of
hydrothermal or metasomatic alteration post-crystallization.

The great majority of the opaques found concentrated in the
ferrogranophyre is a second generation of Fe–Ti oxides precipitated
out of deuteric fluids that postdate the primary precipitation of
titanomagnetite. Iron leached from the ilmeno-magnetites in ferrodiabase
was carriedby the samedeutericfluids that partially hydrated theprimary
silicates of the ferrodiabase (plagioclase and pyroxene), altering them



Fig. 8. (a–c). Scanning electron micrographs andmineral identification by EDS in Upper Nyack ferrodiabase and ferrogranophyre samples. a. Ferrodiabase sample R-14 (FeOT = 18 wt.%)
contains titanomagnetite grains (large white grains) with abundant ilmenite exsolution (darker crosshatch lamellae) with fayalite (Fa; lighter gray) and quartz (Qtz; black) inclusions.
Some evidence of ferroaugite alteration to ferrohornblende is evident. b. Ferrogranophyre sample R-30 exhibiting abundant ferroaugite, ferrohornblende enclosing accessory apatite,
and sodium plagioclase. c. Ferrohornblende after ferroaugite accompanied by remnant ilmenite after hydrothermal leaching of titanomagnetite in ferrogranophyre sample R-30.

128 K.A. Block et al. / Lithos 230 (2015) 121–132
into sericite and amphibole. The second generation of Fe–Ti oxide is easily
distinguished from the primarymagnetite on the basis of contrasting tita-
nium contents. The secondarymagnetite contains only 3% TiO2 consistent
with sub-igneous temperatures, below the 600 °C magnetite–ulvospinel
solvus, while the primary magnetite contains 8% TiO2, which together
with coexisting ilmenite is consistent with 800 °C temperatures
(Buddington and Lindsley, 1964). Similar iron–titanium oxide relation-
ships were reported by Davidson and Wyllie (1968) in the diabase and
granophyres of some eastern Pennsylvanian sills including the Dillsburg
sill.
5. Discussion

5.1. Updip migration of fractionated liquids

At Upper Nyack ~50% of the sill thickness is comprised of fractionat-
ed liquids, with half of those being granophyres, precluding a mass bal-
ance with local cumulates. At this location, the sill occupies a higher
stratigraphic level than the Fort Lee and other southern sections as it
cuts across strata toward the surface. Furthermore, the late stage rocks
at Upper Nyack have a distinct mineralogy from those at Fort Lee and
Table 2
Major oxide composition and CIPW norms of selected Palisades granophyres. F-2 and F-4
are from Fort Lee, NJ, RL-2 and RL-7 are from Upper Nyack, NY.

F-2 F-4 RL-2 RL-7

SiO2 56.72 60.91 59.57 62.58
TiO2 2.05 1.77 2.01 1.55
Al2O3 11.41 11.71 11.68 11.69
FeOT 15.61 14.07 14.7 14.1
MgO 1.94 1.49 1.73 1.25
CaO 4.75 3.07 5.64 3.3
Na2O 1.2 1.42 0.37 1.6
K2O 2.39 2.64 1.97 3.09
P2O5 2.78 1.97 3.0 1.98
Total 98.85 99.05 100.67 101.14
Quartz (Q) 23.85 28.87 32.89 27.47
Corundum (C) 4.86 5.65 5.86 4.45
Orthoclase (Or) 14.12 15.6 11.64 18.26
Albite (Ab) 10.15 12.02 3.13 13.54
Anorthite (An) 5.42 2.37 8.4 3.45
Hypersthene (Hy) 30.1 26.62 27.99 26.45
Ilmenite (Il) 3.89 3.36 3.82 2.94
Apatite (Ap) 6.44 4.57 6.95 4.59
comprise a larger fraction of the local sill thickness. In fact, the volume
andmineralogy of rocks crystallized during the later stages varies great-
ly along the strike of the intrusion. Combining thepetrographic and geo-
chemical data from Fort Lee (Shirley, 1987 and this study), and Upper
Nyack with data reported for Palisades exposures of the middle and
upper horizons in Union City and Englewood Cliffs, NJ, reveals a broad
cross-sectional trend corresponding to a northward increase in the frac-
tion of evolved liquids occupying the total sill thickness (Fig. 10).

The mineralogy of late stage rocks varies greatly, and includes diag-
nostic late stage minerals such as quartz, hornblende, and biotite, vari-
ously identified as ferrohypersthene dolerite, fayalite granophyre,
granophyre dolerite, and ferrodolerite (Table 3; data from Walker,
1969) and corresponding to rocks containing FeOT N14 wt.% or SiO2

N53 wt.%. Therefore, the increase in abundance of fractionated liquids
northward along strike may be the result of pooling as buoyant,
volatile-rich fluids that migrated updip (Fig. 11). Similar observations
were reported by Husch (1992) for the diabase at Rocky Hill and in
the Lambertville sill, both of which are members of the greater Pali-
sades–Gettysburg sheet. Husch (1990) speculated that, for the Palisades
sill, repeated inflation and injection of magma resulted in propagation
of the sill away from its feeder, forcing residual liquid to migrate laterally
and toward the surface. He described this process as “lateral flow differ-
entiation” and, in conjunction with hydrothermal transport of fluids
and residue, is also cited as amechanism for the accumulation of grano-
phyres in the York Haven diabase, a member of the greater Palisades-
Gettysburg sheet (Mangan et al., 1993). In addition, lateral migration
and filter pressing of late stage liquids was invoked by Froehlich and
Gottfried (1988) to explain the pervasive lack of mass balance in the
Culpeper Basin, Virginia. We interpret the granophyres of the Upper
Nyack section as an extreme development of approximately the same
process.

In Fort Lee, compaction andfilter pressing led to expulsion of residue
that accumulated as a sandwich horizon on the basis of a positive Eu
anomaly in the cumulate rocks of the lowermost pulse (Shirley, 1987)
and compression of plagioclase chain networks (Gray et al., 2003).
However, there is no Eu anomaly at Upper Nyack (Fig. 4), suggesting
that compaction may have had a lesser impact on expulsion of residue,
or a different process contributed in the expulsion of interstitial residu-
um at this location. Srogi and Lutz (1996) showed that silicic residual
liquid (58–73 wt.% SiO2) can be efficiently transported away from a
75% crystallized mush by compositional or gravity convection induced
by additional pulse influx. Srogi and Lutz (1996) also showed that this
process is manifested in a scattering of Ba concentration relative to



Fig. 9. (a–b). Scanning electronmicrographs of ferrogranophyres inUpper Nyack and Fort Lee;Mineral identification by electronmicroprobe and EDS. a. Upper Nyack sample RL-2 exhibits
crystal diameters of 100 to 400 μm, extensive quartz-albite granophyre (microaplite), and annite after biotite; b. Fort Lee sample F-4 exhibits mm-sized ferrohornblende with extensive
metasomatic alteration to ferroactinolite. Microaplite is indicative of crystallization under hydrothermal conditions.
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SiO2, which we observed in our samples (Table A1; Supplementary
Materials), and indicating a lack of equilibrium between the mush and
residual liquid.

In addition, an absence of mass balance has been attributed to frac-
tional crystallization and updip accumulation of residue, as reported
for the Endion Sill, Duluth, Minnesota (Ernst, 1960), where more than
half of the sill's thickness is composedof silicic rocks. The data presented
here support the application of the Ernst (1960) interpretation to the
Upper Nyack section.

5.2. Deuteric transport and alteration

The petrography of Upper Nyack granophyres supports crystalliza-
tion under hydrous conditions that led to extensive crystallization of
microaplite myrmekite. During fractional crystallization, magmatic vol-
atiles carry residuumupward in the crystal mush, causing it to accumu-
late with the upper solidification front. However, the differences in
mineralogy and texture in the ferrogranophyres of Upper Nyack and
Fort Lee, signal that the two ferrogranophyres (Fig. 9) have been
subjected to contrasting degrees of hydrothermal alteration and defor-
mation in near-solidus conditions or post-crystallization. Similar obser-
vations have been made by Hotz (1953) and Gottfried et al. (1968) in
theDillsburg Sill. They found ample evidence of accumulation of residue
through fractionation and also the presence of coarse and fine-grained
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Fig. 10.Graphdepicting increase in thickness of Palisades evolved liquidsnorthward along
the strike. Rocks identified as evolved liquids on the basis of petrography and total iron
oxide (FeOT N 14 wt.%) as reported in the literature and data from this study. UC is
Union City, NJ, Fort Lee is Fort Lee, NJ, EC is Englewood Cliffs, NJ and UN is Upper Nyack,
NY. No samples reported for the upper border series at UC and UN. UC and EC data is
from Walker (1969); Fort Lee data from Shirley (1987); and UN (this study).
granophyres, such as those observed in Fort Lee and Upper Nyack,
respectively. This signals the widespread redistribution of volatile-rich
fluids enhanced hydrothermal circulation and alteration post-
crystallization. Reheating of the sill through fresh addition of magma
would have provided additional volatiles that contributed to alteration
of granophyres post-crystallization, and produced iron enrichment
throughout the Upper Nyack section.

Hydrothermal transport of iron was experimentally demonstrated
by Martin and Piwinskii (1969) and was in all likelihood responsible
for the network of magnetite veins in the Palisades-related Snake Hill
dike (Puffer and Peters, 1974). A characteristic of the Snake Hill magne-
tite is the low (0.5 wt.%) sub-igneous TiO2 content and the absence of
co-existing ilmenite. In conjunction with anomalously high Cu concen-
tration (400 ppm) at the level of the sandwich horizon in Upper Nyack
(Fig. 5) and in other neighboring members of the CAMP, deuteric fluids
appear to have significantly contributed to iron enrichment in the
northern Palisades.

5.3. The role of deformation

The active extensional environment of the Newark Basin during in-
trusion of the Palisades may have also contributed to the accumulation
of thick granophyres. Sheared or foliated textural fabric such as observed
for Fort Lee (Fig. 7h) has been observed by Dick et al. (1991), Natland
et al. (1991), andNatland andDick (2001) in the upper 500mof gabbros
from Hole 735B in the Mid-Atlantic Ridge, which is attributed to
“synkinematic deformation”. In this process, the low porosity of
adcumulates is overcome through deformation and fracturing, enabling
the ascent of buoyant residuumandproviding a path for basalt extrusion.
In Hole 735B high iron differentiation caused by magmatic overpressure
ends with a felsic product manifested as trondhjemite veins at the upper
border that resemble a network of trondhjemite veins 0.2 to 1 m thick
penetrating the Palisades near Fort Lee. The deformed rocks record dis-
continuous temperature stamps (“discontinuous crystallization”; after
Bowen, 1920; also, “punctuated differentiation”; after Marsh, 1996).
This process is considered pivotal to forming oceanic crust and may be
important to the extrusion of voluminous basalts in extensional conti-
nental settings.

New injections ofmagma reopened themostly crystallized Palisades
over a protracted period, similar to the process of composite emplace-
ment of magmas observed in the Beacon Sill (Zieg and Marsh, 2012).
The low temperature assemblage of the granophyre close to
“petrogeny's residua” of Bowen and Tuttle (1950) would remain at
near solidus temperatures during hydrothermal conditions perpetuated
by continued magmatism in the upper crust. Subsequent injection cy-
cles capable of remelting or resorbing low temperature mineral



Table 3
Modal composition of late stage differentiates per the nomenclature of Walker (1969). All quantities are in volume %.

Quartz Hornblende Brown ferroaugite Green ferroaugite Biotite

Ferrophypersthene dolerite 10 3 10 21 0.2
Fayalite granophyre 0.3
Granophyric dolerite 24.5 12.5 1.5
Ferrodolerite 23 6.5 18 5
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assemblages would displace interstitial residue updip by compositional
convection (Srogi and Lutz, 1996) and by compaction of the crystal
mush (Zieg and Marsh, 2012). Furthermore, a pathway for internal in-
jection of multiple magma pulses could be maintained along sheared,
low strength crystal mush zones in the interior of the Palisades as evi-
denced by cataclastic fabric and foliation of granophyres (Fig. 7h). In
Upper Nyack, iron enrichment likely occurred during closed-system
conditions that persisted during quiescent periods in the eruptive
cycle. Mobilized volatiles would result in an extensive hydrothermal
flow captured by altered minerals as far down as 84 m above the basal
contact and pressure quench textures evident in Fort Lee and, in
Upper Nyack granophyres (Fig. 7e–f.)

The persistence of a thick silica-rich layer in the Palisades with rela-
tively low solidus temperatures may be indicative of the general role of
evolved products of basaltic intrusion in the extrusion of flood basalts.
The relationship of the Palisades as the coeval intrusive analog of the
first set of Watchung flows, the Orange Mountain Basalt, is well
established (Blackburn et al., 2013; Puffer, 1989; Puffer et al., 1981).
However, though established geochemically (Puffer et al., 2009) the
connection to the second set of flows is more tenuous due to a
~2.5 × 105 year gap between Palisades and Preakness ages (246 ka;
Blackburn et al, 2013; 260 ka, Olsen et al., 1996). To examine the tempo-
ral feasibility of connecting the Palisadeswith the laterWatchungflows,
a one-dimensional numerical model (Shaw et al., 1977; see Methods
section for details) was applied at time increments (δt) of 50 years
and corresponding depth increment (δz) of 0.014 km. Starting with a
geotherm of 20 °C, ten batches of basaltic magma with a thermal con-
ductivity of 2.51 Wm−1 K−1, were intruded at a depth of 4 km to
achieve a total sill thickness of 400 m. Each pulse was allowed to cool
to 800 °C before re-injection of subsequent pulses directly above previ-
ously emplacedmagma. The total solidification timewas determined to
be ~6 × 103 years. However, deficiencies of applying this model include
its failure to consider the role of deformation in addition to the assump-
tion that each sequential pulse begins to cool as soon as the previous
pulse reaches 800 °C. The model doesn't adjust for the duration of
each pulse-flow event through the entire sill and across the full extent
of the Newark Basin toward the edge of the CAMP boundary as estimat-
ed byMcHone (2000), nor does it account for long periods of quiescence
between re-injection events. While it is difficult to estimate the magni-
tude and variability of effusion rates, considerable time could be added
to the 6 × 103 year calculation.
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Fig. 11. Cartoon depicting the accumulation of evolved liquids updip and thickening of the
total fraction of late-stage differentiates northward in the Palisades.
Considerably younger Palisades ages of ~197Ma and ~195Ma found
for samples at 100 and 30 m, within the core of the Palisades were
interpreted by Marzoli et al. (2011) as evidence of late injection of
magmas transmitted via very low angle fault planes, supporting an ex-
tremely long time-scale of reactivation of the Palisades and related
CAMP intrusives. Reopening of the sill through injection of magma
into channels kept open during hydrothermal activity in conjunction
with ongoing extension may have periodically fractured the sill recon-
ciling the 104–105 time gap. As the only large intrusion in the Newark
Basin geochemically correlated to the Preakness Basalt (Puffer et al.,
2009), the Palisades is a compelling candidate despite a 250 ky time
gap per the ages of Blackburn et al. (2013).

Connection of the early Palisades ages with the later extrusive flows
requires processes that lengthen the time span for the formation of a
composite intrusion or links the source of the Palisades with the source
of the extrusives. The close geochemical resemblance between Upper
Nyack ordinary diabase and the Preakness Basalt, and between Upper
Nyack ferrodiabase and high-iron tholeiites of the CAMP, e.g., the third
set of Watchung flood basalts, the Hook Mountain Basalt (Puffer and
Volkert, 2001) and the Butner diabase of the Deep River Basin
(Blackburn et al., 2013), strongly suggests that similar physical condi-
tions may account for the geochemically correlative members and the
unusually iron-rich rocks seen in some extrusive CAMPmembers. Shal-
lowmafic sills such as in the Snake River Plain (Shervais et al., 2006) and
in the Ferrar Dolerites (Marsh, 2004) have been found to be a part of a
network of intrusions that feed extrusive flows. Similarly, it is likely
that a network of interconnected sills and deeper magma chambers
existed beneath the Newark Basin with the ability to store vast quanti-
ties of mush for as long as 105 to 106 years. Annen et al. (2006)modeled
the effect of a series of small intrusions emplaced at the boundary of the
upper and lower crust and found that the crust retains the memory of
thermal anomalies for several million years, leaving it primed for
remelting if subsequent magmatism occurs. In conjunction with ther-
mal power generated by deeper source magma chambers the most
evolved residual liquids in the Palisades may remain at near-solidus
temperatures for as long as 104–105 years (Hawkesworth et al., 2000,
2004) and perpetuate a network of hydrothermal veins and vents that
would have remained active during periods of relative eruptive quies-
cence. For Newark Basin magmatism to extend over 6 × 105 years
with extrusive flows separated bymore than 2 × 105 years asmeasured
by U/Pb zircon dating (Blackburn et al., 2013) the existence of a long-
lived source is clearly required.

5.4. Cyclical accumulation of late stage liquids and prolonged extrusion

A general conceptual model of the role accumulation of late stage
liquids, periodic reinjection of magma in feeder sills similar to the Pali-
sades, in the prolonged extrusion of flood basalts, e.g., the Orange
Mountain Basalt is presented (Fig. 12). An initial pulse (L1) of magma
is partially emplaced as a shallow intrusion and may erupt at the sur-
face. The intruded pulse differentiates to produce cumulate and a differ-
entiate (L1d/C1). A portion of the differentiate (L1d) may erupt at the
surface while the remaining liquid follows a tholeiitic line of descent
leading to evolved liquids (L1e) and eventually a granophyre (L1g)
that segregates from the crystal mush by compaction and filter pressing
(Gray et al., 2003; Shirley, 1987). The remaining silicic fraction serves as
a path that can be reopened by subsequent pulses (Zieg and Marsh,
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2012). A secondpulse (L2),mixeswith the fractionated Pulse 1 (L1e/L1g).
Compaction of the mush along with gravity convection (Srogi and Lutz,
1996), mobilize residual liquid from the mush, transporting residue
updip and away from the feeder. The second set of differentiates (L2d)
and evolved liquids (L2e/L2g) proceed as in the case of L1d. The process
continues for subsequent pulses resulting in reworking and reheating of
previous pulses that propagate the sill and facilitate the upward transport
of residue in the magmatic column. For bowl-shaped sills or discordant
tabular intrusions such as the northern limb of the Palisades, this results
in accumulation of the residual liquid at shallower levels. In cases where
pyroxene fractionation dominates the resulting late stage liquids are
more silica-rich and iron-poor, which may be represented by the latter
stage Upper Nyack rocks present between 200 m and 300 m above the
basal contact.

6. Conclusions

A thick horizon of iron-rich evolved magmas in the Palisades at
Upper Nyack occupies more than half the local thickness of the sill.
The Nd-isotope composition of the granophyres is nearly identical to
the rest of the Palisades, indicating that assimilation of country rock
was negligible and that fractionation-related processes dominated dur-
ing the evolution and crystallization of felsic late stage rocks. A lack of
mass balance between evolved liquids and ordinary cumulates support
the expulsion of residual liquid via compaction and lateral migration of
the evolved liquid northward and closer to the surface. Subsequent
magmatic pulses reheated the mush, mobilizing copper, iron and vola-
tiles that resulted in extensive metasomatic alteration and deposition
of secondary magnetite precipitated by deuteric hydrothermal fluids
as they interacted with the final products of crystallization. Reheating
and deformation as a result of rifting facilitated the migration of frac-
tionated magma and trapped residuum upwards in the mush column
to the top of the pilewith each incrementalmagmatic pulse. The process
is similar to deformation of residuum in mid-ocean ridge gabbros that
enable magma to travel to the surface during continued growth of the
oceanic crust. In the Palisades, each added magma pulse pushed the re-
maining melt laterally and updip, shearing the residuum before it
completely solidified, resulting in accumulation of ferrogranophyre
where the sill is closest to the surface. The low-temperature assem-
blages of the accumulated residue and long-lived hydrothermal condi-
tions indicate that the horizon may have been able to persist as a
weak layer conducive to penetration by later pulses, conditions likely
to have occurred throughout a sub-Newark Basin network of upper
crustal intrusions that provided a means for extrusion of flood basalts
of the Watchung flows through 600 ka.
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