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Preface

"Southeastern Staten Island is a piece of Europe glued to an ophiolite from the northwest Iapetus
floor"... John McPhee(1993) Assembling California, Farrar, Straus, and Giroux, New York, p.
208

In 1984, GANIJ began with a field trip to the northern Newark Basin led by John Puffer.
In 1988, Jonathan Husch and Mike Hozik organized a field trip to the central Newark Basin.
Included in the trip this year is the eastern part of the Newark Basin in Staten Island. In addition,
John Puffer will speak about the Staten Island Meta-Peridotite, Norma Itturino will speak about
the Fresh Kills Landfill, Tim Pagano will speak on the geology of western Staten Island, north
and south of the fall line, and John Sanders and Charles Merguerian will speak about the outcrops
of plesistocene and cretaceous sediments. We will also observe the effects of beach erosion( if
time permits) at Great Kills beach. This year's GANIJ field trip should be an interesting one, and
putting this field guide together has been an exciting experience. 1 hope you find this trip
enjoyable and educational.

. This trip would not be possible without the cooperation of John Sanders, Charles
Merguerian, Tim Pagano, John H. Puffer, and Norma Itturino. I thank Douglas Mose, Dana
Gumb and Edward Johnson for their contributions. In addition, I thank all the authors and field
trip leaders for their cooperation and dedication.

(oA @W

Alan I. Benimoff
Editor






THE STATEN ISLAND META-PERIDOTITE

PUFFER, John H. Geology Department, Rutgers Univ., Newark, NJ
07102 and GERMINE, Mark, Pangaea West, P.0. Box 7176, Loma
Linda, CA 92354.

Abstract

Serpentinite is exposed as a NE trending lens in the
central and northern portion of Staten Island, New York along a
broad hill. The serpentinite is composed largely of lizardite
and chrysotile together with highly variable olivine,
anthophyllite, talc, carbonates, magnetite and chromite. The
chrysotile content, as determined using a combination of
polarized light microscopy, transmission electron microscopy,
and X~-ray diffraction techniques averages about 23 volume
percent.

The chemical range of samples from 29 of the largest
exposures is 35 to 45% S5i0,, 0.2 to 0.8% Al,03, 6 to 8% FeOy,
36 to 42% MgO, 0,03 to 3.0% CaQ, 0.1 to 0.35% Cr, and 0.1 to
0.35% Ni. The chemical range is typical of metamorphosed
harzburgite and dunite suites, although some unusually low CaC
values may be due to hydrothermal leaching and re-precipitation
as a network of amphibole and carbonate veins in shear zones.

The Staten Island peridotite is interpreted as the base of
an ophiolite complex that was separated from the upper gabbroic
and basaltic portions during Taconic abduction. It is located
on Cameron's Line which separates Manhattan Schist to the west
from the Hartland Formation to the east.

~eologic Setti

The Staten Island meta-peridotite is part of a
discontinuous chain of ultramafic bodies that extends from
Alabama to Quebec. The Staten Island body is the largest of
four lenticular masses exposed in the New York City area that
includes exposures at Hoboken, New Jersey, western Manhattan,
and eastern Bronx. It is a wide lens shaped body (Figure 1)
that trends NE-SW and is comprises the bedrock of northern
Staten Island, although the western boundary is not exposed.
The meta-peridotite is well exposed along a prominent ridge
that extends from the northeastern shore of the island toward



Figure 1 Staten Island Serpentinite; approximate boundaries and sample

locations.
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the southwest. Beyond this ridge the meta-peridotite is
covered by glacial drift, moraine, and beach sand (Behm, 1954).

There is general agreement that the Staten Island meta-
peridotite is positioned on Cameron's Line which defines the
tectonic boundary of the western part of the Appalachian. core
zone. Merguerian (1983) interprets Cameron's Line as a ductile
shear zone or terrain suture that developed at the base of a
west-facing Taconic accretionary prism separating metamorphosed
shelf and transition-zone rocks to the west (Manhattan Schist)
from eugeosynclinal rocks to the east (Hartland Terrain).

Little and Epstein (1987) stratigraphically place the
Staten Island meta-peridotite and other related serpentinite
bodies on Cameron's Line conformably above Member C of the
Manhattan Schist but suggest that most of the peridotite lies
east of Cameron's Line at the base of the Hartland terrain
(Figure 2). Member C of the Manhattan Schist is not exposed on
Staten Island but Hartland schist is the bedrock along the
eastern edge of the meta-peridotite body on the northern end of
the island. An alternative interpretation has been offered by
Germine ({1990} who suggests that the Staten Island meta-
peridotite cannot be an integral part of either the Manhattan
schist or the Hartland Terrain because of the disparity in
metamorphic grade. Germine (1990) interprets the Staten Island
meta-peridotite as lower grade rock that was abducted between
the two formations.

To avoid confusing usage's of the term "Manhattan Schist"®
this paragraph will briefly review the development of current
nomenclature. Merrill's (1890} original Manhattan Schist was
subdivided by Hall (1968) into a Mid-Ordovician Manhattan A (a
sillimanite-garnet-mmscovite-bicotite schist) , Manhattan B (a
discontinuous amphibolite), and Manhattan C (a garnet-
muscovite-biotite schist). Hall (1976) later recognized that
much of what was mapped as Manhattan Schist was older than Mid-
Ordovician. These older eastern schists were overthrust above
younger schists. The lowest but youngest unit is Manhattan A
(an autochthonous miogeosynclinal basement cover rock) and the
middle but oldest unit is Manhattan C and B {allochthonous
transitional slope meta-sediments and discontinuous volcanics).
The upper unit is described by Merguerian and Sanders (1991) as
part of the Hartland Formation (meta-eugeosynclinal deep-
oceanic shale and interstratified volcanics). The
interpretation of the Hartland Terrain as deep-oceanic rock is
based in part on it's association with the Staten Island meta-
peridotite which is regarded as part of an ocean-floor
ophioclite suite (Baskerville, 1989}.



The Staten Island meta-peridotite has been divided into
two zones: a highly sheared outer serpentinite characterized by
an abundance of talc, anthophyllite, and magnetite, and a
relatively massive, undeformed inner zone composed largely of
partially serpentinized peridotite (Behm, 1954). Miller (1970)
proposed that this inner zone is a horst that is displaced from
the adjacent zones along NE trending normal faults. The
western boundary of the inner zone is defined by the Silver
Lake Fault and the eastern boundary by the Todt Hill fault.

campl i { Analysi

The 29 largest exposures of meta-peridotite on Staten
Island (Figure 1) were examined and sampled. In some cases a
representative sample was easily selected, but at most
locations wide variations in rock type required the collection
of several samples. Individual samples were petrographically
and geochemically analyzed using a combination of five
techniques:

1. Hand specimen observations - were made at all exposures for
megascopic features including veins or lenses of chrysotile,
picrolite, or anthophyllite.

2. Polarized light microscopy (PLM) - was used to examine thin
sections for mineral modes (Table 1) and texture (including
ribbon texture, matte texture, and foliation) and structures
(such as cross fiber veins). Ground samples were examined for
fiber content.

3. Transmitting electron microscopy (TEM) - was used to
examine ground rock samples dispersed in water then filtered
through a 0.1 micrometer pore polycarbonate filter, and
prepared for TEM analysis by the direct transfer method of
Anderson and Long (1980). Mineral particles were also
characterized structurally using selected area electron
diffraction and energy dispersive x-ray spectroscopy (EDXS).
Figure 3 is a typical EDXS spectrum of a chrysotile fiber
filtered from Silver Lake reservoir water, Staten Island.
Figure 4 is a TEM microphotograph of the same fiber.

4. X-ray fluorescence spectroscopy (XRF) - was used to
chemically analyze whole rock samples {(Table 2). A Rigaku
wave-length dispersive XRF unit with a minimum detection limit
of about 4 PPM was used for all samples. USGS standards



Table 1 Thin Section Modes of Serpentinites and Anthophyllite Schist from

Staten Island locations (Fig. 1), New York.

Lizardite
Chrysotile
Anthophyliite
Talc
Carbonate
Olivine
Opague Oxide

Lizardite
Chrysotile
Anthophyliite
Talc
Carbonate
Olivine
Opaque Oxide

4e 5b Ib 8b 10c 11¢ 13¢c
60 65 74 65 4 as
10 15 15 10 1 15
o8 65
10 5 4 15 tr
5 11 5 LU
10 tr
20 2 1 10 10 tr
14¢ 15h 15¢ 21b 23a 27b
60 50 62 70 48
15 25 18 15 30
a0 tr
5 5 5 3
10 10 tr tr
20 tr 15 15
10 5 10 5 tr 4



TABLE 2 Chemical compositions of Serpentinites and Anthophyllite Schist from
Staten Island locations (Fig. 1), New York.

Wt %
$i02
TiO2
Al2O3
FeOt
MgO
MnO
Ca0
Na20
K20
P205
LO}
Total

PPM
Co
Cr
Cu
Ni
Sr

Vv
Zn
Zr

Wit. %
8i02
Tio2
Al203
FeOt
MgO
MnQ
Ca0
Na20

P205
LOI
Total

PPM
Co
Cr
Cu
Ni
Sr

Zn
Zr

Serpentinites ,
4b 4e 7h 8b 8¢ 10 13c
44,25 437 36.42 35.23 42.03 39.41 35
0.01 0.01 0.01 0.01 0.009 0.01 0.01
0.83 0.48 c.38 0.53 0.62 0.5 0.20
7.3 7.5 6.44 6.08 7.26 7.55 522
40,58 36.5 38.25 ag.22 41.95 36 36.4
0.1 0.09 0.1 0.09 0.11 0.08 0.09
0.05 0.07 0.06 0.05 0.18 0.03 3.45
0.006 6.01 0.25 0.28 0.005 0.01 0.27
0.005 0 0.08 0.07 0.004 0 0.08
0.002 0 0 0 0.002 o 0
71 11.45 17.22 17.714 7.83 6.21 18.25
100.053 99.81 99.19 88.27 99.98 99.8 99.04
103 96 112 i10 108 28 96
25T 2100 544 686 2413 1780 §10
11 1 1 " 2
2449 2460 1895 1810 2492 2630 1630
7 3 3 7 55
25 8 12 27 -]
34 a7 a8 42 32 30 26
7 7 8 7
Serpentinites
14c 15b 16¢ 19a 20b 22d 26b
43.7 37.57 42 66 43.91 a7 43.71 45.21
0.01 0.01 0.012 0.009 0.01 0.011 0.045
0.16 0.5 0.81 0.14 0.1 0.21 0.5
7 6.77 7.99 6.37 5.75 7.79 7.46
37 35.84 39.64 41.76 as 40.35 40.99
0.08 0.1 0.12 0.13 0.1 0.13 0.052
0.04 0.93 0.06 0.04 7.3 0.07 0.2
0.01 0.27 0.006 0.005 0.01 0.005 0.008
0 0.06 0.007 0.004 0 0.007 0.006
0 ¢.002 0.002 0.002 0 0.002 ¢.002
11.85 15.75 8.15 7.6 14.3 1.7 6.2
99.85 97.802 99.457 99.97 99.58 99.985  100.671
100 118 115 102 64 115 107
1320 1250 2547 1031 1360 1322 1726
7 11 12 12 1
2740 1910 3603 2553 1780 2629 2456
15 7 6 7 7
14 25 22 24 24
33 42 35 30 i 3 32
8 7 8 9 7 7



Serpentinites

Wt. % 28a 28¢ PCC! Lizardite _Chrysotile Harzburg  Dunite
Si02 42.57 413 41.9 41.25 41.83 43.86 43.86
Tio2 0.009 0.01 0.015 0.02 0.02 0.02 0.011
Al203 0.12 0.27 0.74 0.54 0.3 0.77 0.36
FeOt 7.59 1.7 7.81 1.28 1.24 8.19 8.52
MgO 31.7 34.2 43.18 41.84 41.39 45.41 49.5
MnO 012 0.08 0.12 0.07 0.04 0.11 0.14
CaO 0.09 0.08 0.51 0.02 0 0.73 0.3
Na20 0.005 0.01 0.006 0 0 0.1 0.03
K20 0.009 0.01 0.004 0 0 0.02 0.05
P205 0.002 0 0.002 0 0 0 0
LOI 12.114 15.7 5.62 14.65 15.23 0 0
Totai 100.325 99.37 99.807 99.67 100.05 100 100
PPM
Co 115 108 112
Cr 636 1240 2730 0.43 0.54
Cu 1 11
Ni 2750 2525 2339 0.34 03
Sr 7 0.41 1 4
A 20 30.
Zn 31 42 36
Zr 8 8 7

.. Anthophyliite Schist-
Wt. % 5b 11c 15¢ 25b Anthoph
Si02 53.02 54.22 §5.32 51.82 58.48
TiOo2 0.07 0.05 0.05 0.04 0.03
Al203 1.2 0.94 0983 1.08 0.57
FeOt 8 7.25 6.66 8.65 8.37
MgO 29.5 32 30.29 26 20.25
MnO 0.1 0.11 0.19 0.1 0.27
Ca0 0.35 0.26 0.26 0.83 0.14
Na20 0.01 0.01 0.27 0.01 0.08
K20 0 0 0.06 o.M 0.02
P205 0 0 0 o 0
LOI 7.5 4.85 5.83 9.78 29
Total 99.76 99.49 09.86 98.33 100.11
PPM
Co 75 67 79 104
Cr 2400 2620 1645 3750
Cu 1
Ni 360 480 361 605
Sr 3
Vv 27
Zn 35 51 46 37
Zr 7 7 &

PCCIi = USGS standard peridotite.

Lizardite and Chrysctile = Transvaal (Deer, W.A., Howie, R.A_, and Zussman, J.
1962, Rock forming Minerals. e

Harzburgite = average of 31 meta-harzburgites from ophiolites (Hyndman, 1989).

Dunite = average of 32 meta-dunites from ophiolites (Hyndman, 1989).

Anthophyllite = anthophyliite in a serpentinite, outer Hebrides (Guppy, E.M.,
1956, Mem. Geo!l. Surv. Gt. Britain).

8



including PCC-1, BHV-01l, GSP-1, AGV-1, JBl, and BCR-1 were used
to prepare new calibration curves during each analytical
session. USGS peridotite standard PCC-1 was in each case
heavily weighted due to its close chemical correspondence to
most Staten Island meta-peridotite samples.

5. X-ray diffraction (XRD) - was used to semiquantitatively
determine the principal mineral content (lizardite, chrysotile,
and anthophyllite) of 52 samples from 29 locations using a
methods developed by Whittaker and Zussman, 1956, Chen, 1977,
and Germine, 1980 (Table 3). The 32° to 40° 20 region was
slowly scanned at high resolution and peak positions were used
to identify mineral species using carefully selected standards
including the Union Carbide chrysotile standard from Coalinga,
California; Lizardite from Lizard, England; anthophyllite from
Winchester, California and UICC standard anthophyllite. The
standard chrysotile peak positions at 36.9° 20 (Figure 5) and
the chrysotile compared against the standard lizardite peak
position at 36.0° 20 (Figure 5) facilitated serpentine
identifications while semiquantitative content determinations
were made of the basis of relative peak heights.

; ] : land meta-peridotite.

Although now largely a serpentinite the protolith was a
peridotite that was serpentinized before or during Taconic
tectonic emplacement. If the protolith was an ophiolite most
hydration to serpentine was probably induced by heated deep
marine water circulation near a spreading center. Most samples
of peridotites dredged from the ocean floor are largely
hydrated to serpentine and contain over 10 % H20+.

Clues as to the original protolith are found in some of
the olivine rich samples, particularly from the north-central
portion of the ultramafic body. Unaltered pyroxene is rarely
observed in any of the rock but phenocrysts of pyroxene that
have been partially or completely altered to intergrowths of
chlorite, talc and oxide are common is some of the massive
serpentinite. These altered pyroxene phenocrysts make up about
15 % of some samples and indicate that such rock was a
harzburgite. Most samples of massive serpentinite where
primary igneous textures are preserved, however, do not contain
evidence of pyroxene and are probably dunite.

Most of the original igneous olivine has been altered to
serpentine but some samples contain as much as 50 % olivine.
The average olivine content of the Staten Island meta-



TABLE 3

SI-JM Series

X-RAY DIFFRACTION ESTIMATES

Staten Island Project

SERPENTINE CHRYSOTILE LIZARDITE TALC ANTHOPHYLLITE
1-2 15-30 70~-85% '
1-7 15~30 70-85%
1-7 green 16-30 67-81% 3
2-a 0-22 78-100
2-b picrelite 92 (antigorite) 8
3-a 10-25 65-80 10
3-c 35 25 40
slip fiber
4-b 9-25 67-83 8
5-a 7 7 86
cross fiber
5-¢ 12 21 67
cross fiber
S-F-1 24 76
foliated
5-J-1 5 13 82
cross fiber
5-J-2 50 50
cross fiber
5-m 18-32 58-72 10
5-m-1 42-54 48-56
green vein
6-a 29-35 24-30 41
foliated
7~a 6-24 76-94
8 a-j 28-42 58-72
8-L-1 30-44 56-70
white
8-m 96-100 04

green

10




v SERPENTINE CHRYSOTILE LIZARDITE TALC ANTHOPHYLLITE
8-p 28-42 58-72
8-w 42-56 44-58
9~c-1 18-34 66-82
9-c~2 20-36 64-80
10-a 0-16 79-95 5
10-¢c 100
white
li-a 23 24 63
mylonite
12-b 10-27 71-88 2
13-b 0-16 84-100
visible
chrysotile
14-b 8-24 12
15-b 27-41 39-53 20
15-¢ 18 8 73
mother lode
l6-a 26-39 61-74
17-a 2-24 76-98
mylonite
18-a 0-18 82~100
mylonite
19-b 14-29 71-86
20-a 8-24 76-92
visible
chrysotile
21-b 12-24 76-88
22-d 48-56 41-49 3
23-a 9-20 47-58 33
24—c 4-22 78-96
25-a 25 75
mylonite
26-a 10-27 73-90
27-b 15-30 70-85
28-¢ 10-26 74-90
29-a 18-33 67-82
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Figure 4 TEM photomicrograph of analyzed (Fig. 3) chrysotile fiber.
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CHRYSQTILE

LIZARDITE

T
40 38 % 34 32

°20

Figure 5. X-ray diffraction data for serpentine standards: A. chrysotile standard;
B. mixture of chrysotile and lizardite; C. 20 weight % chrysotile, 80 weight %
lizardite. Dashed lines show the lower limit of background and the upper limit of
the broad band for chrysotile. Measurements of the relative intensity of this
band before and after the solution treatment of Faust and Nagy (I1967) in the
unknown and dilution standards can be used to arrive at a determination of
chrysotile content (Germine, [980).
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peridotite is about 5 percent but it is absent from most
samples. Where present, olivine typically occurs as relic
anhedral micro-islands surrounded by serpentine that has
replaced most of the individual grains or as larger grains
veined by olivine.

Although olivine content is accurately determlned by means
of PLM, serpentine minerals are optically ambiguous. Unless
chrysotile fibers are long enough to be optically resolvable at
the level of PIM examination the fibers are lost in a matrix of
lizardite or antigorite. XRD techniques, however, are able to
determine serpentines at submicroscopic grain sizes. The XRD
data (Table 3) shows that of the 52 representative samples of
Staten Island meta-peridotite from 29 locations, 8 samples are
anthophyllite schist, and 44 samples are serpentinite.

Serpentinite -

The serpentine content of 36 serpentinite samples from 27
locations (Figure 1, Table 3) averages 66 percent lizardite and
27 percent chrysotile using the mid-peoints of each XRD range as
for the average. Minor olivine, chromite, and magnetite makes
up the remaining 7 %. TEM analysis of ten samples from the I~
278 outcrop (sample B), however, indicates a chrysotile content
of 54 volume percent although it is absent at a few locations.
In sample 1 some evidence of minor antigorite was found but
since our XRD standards were calibrated to chrysotile and
lizardite ratios we were unable to accurately estimate
antigorite content. Fibrous antigorite (picrolite) was also
found at site 2 (sample 2-b) and is common at the 287 roadcut.
Picrolite from the Staten Island meta-peridotite has been
recently described by Benimoff and others (in prep).

Chrysotile is typically not readily recognizable in hand
specimens or thin-sections of Staten Island serpentinite. In
thin section, only lizardite was recognized in one Route 287
sample, but using TEM techniques, 50 percent chrysotile was
measured as tubules with an outer diameter of 200-300 microns.
Fiber lengths are typically only 0.5 to 6 microns which is
beyond the resclution of polarizing light microscopy although
some fibers are megascopic.

At least two varieties of massive chrysotile were
recognized in samples of serpentinite using TEM techniques
(Germine, 1981). One variety is light to medium green and has
a smooth fracture. It occurs in irregular masses and in veins
ranging up to a centimeter in width. This type is composed of
cross-fiber and randomly oriented fiber, and is often

15



associated with abundant olivine. The second variety is a
light green to white substance with pearly luster and platy to
fine-grained meerschaum-like texture. This type of massive
chrysotile occurs in veins, fracture fillings, and pore
fillings. TEM examination indicates that it is composed of
tubules with a diameter of 300 to 400 angstroms. Fiber lengths
were generally less than one. micron but up to 5 microns
(Germine, 1981).

Chrysotile with a megascopic fibrous appearance is much
less common than massive varieties on Staten Island but occurs
in veinlets typically less than 1 mm to 3 mm wide. The fibers
are white to light green and silky. The veins readily fiberize
and posses the flexibility that is a characteristic of asbestos
(Germine and Puffer, 1989).

Anthophylite schist -

The mineral content of the 8 anthophyllite schist samples
(Table 3) averages 15 percent talc, 20 percent serpentine and
65 percent anthophyllite., Thin section evidence suggests that
most of the serpentine content of the anthophyllite schist is
lizardite although XRD evidence is ambiguous. Carbonates are
also present in accessory amounts in most samples of
anthopyllite schist. Asbestiform anthophyllite from the Route
287 roadcut consists of straw-colored aggregates on
anthophyllite fiber in association with gray to yellowish-brown
talc. The anthophyllite fibers range up to 18 cm in length in
silky and splintery aggregates and are fairly rigid.

At location 15 (represented by sample 15c, Figure 1) there
is a zone of anthophyllite asbestos about 2 meters wide,
exposed near the hill top, at a location very close to the
location given for the original Johns mine. We confirmed the
presence of anthophyllite with a UICC anthophyllite standard
in both XRD and TEM analyses. We took 13 photos of a ground
split sample and found anthophyllite asbestos with fibers of
aspect ratio greater than 100 to 1 and clearly flexible fibers
comprising about 80 percent of the sample. We photographed and
measured SAED patterns on 8 of these fibers, and found one pure
anthophyllite, and the rest of them to be intergrowths of
anthophyllite and talc. 1In all cases anthophyllite was lying
on {100} and talc on {001}. We measured d{001} = 5.2A and
d{010} = 17.7A consistently for anthophyllite, and d{100} =
5.2A and d{010} = 8.9A for talc, consistent with standards and
published values. In all cases {hkl} odd was absent in talc,
forming a pseudohexagonal net, and all intergrowths were of

16



anthophyllite on {100} and talc on {001} which were precisely
superimposed so that talc shared the same spots as
anthophyllite, with anthophyllite spots between. With these
and all other SAED measurements we calibrated d spacing against
a gold standard. We used the {111} line for gold with d{hkl} =
0.2355A, Intergrowths of talc were longitudinal to fiber
length, and fibers were observed to be broken off of aggregates
along talc/anthophyllite interfaces. These aggregates had
showed formation of thinner fibers from thicker fibers of
"talcbole". Some curly ribbons of pure talc were also observed
splitting from the aggregates, but these were a minor component
of the total sample.

A TEM analysis of an anthophyllite mylonite sample (sample
5a, Figure 1) confirmed that it was predominantly
anthophyllite, with minor lizardite and talc. We estimated a
anthophyllite asbestos content of 3 to 5 percent using our
(Germine and Puffer, 1989) criteria of aspect ratio greater
than 10 to 1, and observed intergrowth with talc in some of
these fibers. Most of the rock consists of non-fibrous
anthophyllite fragments without talc, lizardite, talc plates,
and about 1-2 percent chrysotile. We separated out a thin }1
mm) vein of cross fiber anthophyllite and found it to be nearly
pure anthophyllite asbestos with some talc intergrowth as
described above.

Germine did the same kind of analyses on the highly
carcinogenic samples of anthophyllite form Korea and reported
similar results regarding tremolite/talc intergrowths. These
results were important because under the current OSHA
regulations an asbestos fiber has to be formed as a separate
crystal, so none of these anthophyllite fibers are asbestos
under the current OSHA definition of asbestos.

Geochemistry

The chemical compositions of typical samples of Staten
Island rocks are within the overlapping range of some common
meta-peridotite types particularly metamorphosed dunite and
harzburgite from ophiolite suites (Table 2). Most samples
contain about 7.5 % less combined SiO,, MgO, and loss on
ignition (LOI, principally H20%) than pure chrysotile or
lizardite (Table 2) due to the presence of about 7.5 % FeO
that is contained within the olivine, magnetite, and chromite
of the Staten Island serpentinite. The 7.5 % FeOy content is
fairly consistent and does not correlate with either magnetite
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or olivine content. As olivine is hydrated to form serpentine
plus magnetite there is no net change in the iron content.

The highly variable olivine content of the Staten Island
serpentinite correlates inversely with LOI content. The LOI
content ranges from about 6 % in olivine rich rock to about 15
% which is the LOI content of pure serpentine (Table 2). A few
samples contain slightly more than 15 % LOI due to the presence
of minor clay, brucite, and 1 to 4 % H20 .

The highly variable CaO content (Table 2) is interpreted
as due to hydrothermal leaching of Ca0 during serpentinization
or metamorphism and its localized reprecipitation as dolomite
veins that are particularly common within the anthophyllite .
schist. Some Ca0 contents approach values corresponding to
pure serpentine (Table 2) whereas others are more typical of
harzburgite.

The A1203 content of the serpentinite (Table 2) averages
0.45 % after normalizing to anhydrous compositions. To the
extent that Al203 is relatively insocoluble, it is less
influenced by hydration and metasomatic changes than most
elements. It may, therefore, be meaningful that the 0.45 %
average is more typical of anhydrous meta-dunite (averaging
0.36 %) than anhydrous meta-harzburgite ({averaging 0.77 %,
Table 2). Some samples, however, such as 4b, 8c, and léc, are
close to the meta-harzburgite average. A harzburgite protolith
for such samples is also supported by common chlorite
pseudomorphs after pyroxene and rare pyroxene-chlorite
intergrowths as seen in samples 4b and léc.

Interpretation

The interpretation of the Hartland Terrain as deep-oceanic
rock is based in part on it's association with the Staten
Island peridotite which is interpreted as part of an abducted
ophiolite suite associated with metamorphosed deep water marine
shales (Little and Epstein, 1987; Merguerian and Sanders, 1991;
Baskerville, 1989). Alternatively, the Staten Island meta-
peridotite may be a metamorphosed olivine cumulate zone formed
as part of a layered gabbroic magma chamber such as some
interpretations of the serpentinites of the Pennsylvania
piedmont (including Gates, 1988}, although the evidence is
somewhat ambiguous. Evidence of any clear association with
either the fractionated gabbroic rocks of a mafic intrusion or
any of the upper portions of ophiolites (sheeted dikes or
pillow basalts) is absent from Staten Island. In addition,
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evidence of thermal metamorphism at serpentinite contacts or
xenoliths within the serpentinite is also absent.

If, however, the serpentinite body was formed at the base
of a gabbroic intrusion before it was tectonically displaced,
some evidence of fractionation or layering might be expected.
The absence of any clear fractionation trend (Table 2) or any
clear layering, such as the cryptic and rhythmic layering of
the Bushveld, argues against such a mode of origin.

The Staten Island meta-peridotite, however, is chemically
and mineralogically the same as most meta-peridotite bodies
such as those of California that are generally regarded as
abducted ophiolites occupying terrain sutures (Coleman, 1977;
Ehrenberg, 1975; and Saleeby, 1990). The ability of soft,
hydrated, serpentine to absorb ductile shearing is well known.
The close association of the Staten Island serpentinite with
schist that posses several of the characteristics of
metamorphosed deep water shales (Merguerian and Sanders, 199%1)
also agrees with an ophiolitic origin. Ophiolites are
typically composed of large irregular pod shaped dunite bodies
contained within harzburgite (Figure 6). Most of the Staten
Island body is chemically equivalent to a meta-dunite although
some rock chemically equivalent to meta-harzburgite is also
present.
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Introduction

The early Jurassic Palisades intrusion of the Newark Basin crops out from Haverstraw New
York to the northwestern part of Staten Island, a distance of 90 km., and underlies a narrow belt
along the western part of Staten Island(Figure 1). Detailed studies of the Palisades Sill were made
by Lewis, 1907, 1908a, 1908b; F. Walker, 1940; K. Walker, 1969a, 1969b; Pearce, 1970; K. Walker
et al., 1973, Puffer, 1984. and Shirley, 1987. None of these earlier studies included the Staten Island
portion of the Palisades intrusion probably because the intrusion is poorly exposed on Staten Island.
Recent studies of Eastern North American Mesozoic Magmatism in the Newark Basin were made
by Puffer(1992), Steiner et al. 1992, Husch(1992), Houghton et al 1992, Tollo, et al. 1992, Puffer
and Student(1992), and Hozik (1992). These studies were confined to those portions of the Palisades
intrusion, exposed in New Jersey and in Rockland County, New York where the intrusion is
dominantly a sill. There is general agreement that the sill resulted from several pulses of tholeiitic
magma each of which differentiated through gravitational fractional crystallization. The boundaries
of the Palisades intrusion on Staten Island are shown in Figure 2. Outcrops of diabase occur at the
Graniteville Quarry, the toll plaza of the Bayonne Bridge, the Travis Quarry, and the Teleport as
shown in Figure 2. There are no known outcrops of the Newark Supergroup of sedimentary rocks
on Staten Island which underlie and overlie the Palisades intrusion. However, on the basis of
subsurface drill-core data, Van Houten {(1969), and Pagano(This Field Guide) show that Lockatong
argillite overlies and underlies that Palisades intrusion in this area.
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PARTI: Coesisting silicic and mafic melts resulting from marginal fusion of a
xenolith of Lockatong Argillite in the Palisades Sill, Graniteville,

It is an exceptional occurrence wherein one can observe the parent of an igneous rock
adjacent to that igneous rock. This is the case at the Graniteville Quarry (Stop 1 on this field trip)
where marginal fusion of a xenolith of sodium-rich Lockatong argillite enclosed in the basaltic magma
of the Palisades sill resulted in coexisting silicic and mafic melts. This phenomenon was studied in
detail by Benimoff and Sclar, 1978, 1980, 1984, 1988, 1992, and Sclar and Benimoff{(1993), and a
summary of these studies is presented below.

The occurrence of a coarse-grained igneous rock in direct contact with its protolith is rare.
Much of the uncertainty regarding the origin of coexisting silicic and basic igneous rocks arises either
because of the absence of contiguous parental material or because we cannot identify unequivocally
the parental material through either geochemical and/or petrographic study.

Yoder (1973) in his investigation of contemporaneous basaltic and rhyolitic magmas, cited
the field evidence of various workers, and noted that, in many cases, two magmas of greatly
contrasting composition coexisted at the same locality and erupted from the same vent or were
intruded into the same dike at the same time. He also showed that two magmas of highly contrasting
composition may be generated successively from the same parental material by the mechanism of
fractional melting, Other investigators (Roedder and Weiblen, 1970, 1971, De, 1974; Philpotts, 1976,
1978) described the occurrence of pairs of chemically diverse glasses intergrown as globules of one
in the other which constitute the mesostasis of certain basalts, and suggested that silicate liquid
immiscibility may be a viable process for producing certain coexisting silicic and basic liquids.
McBimey (1975) has shown experimentally that liquid immiscibility could have been responsible for
the late-stage granophyres of the Skaergaard intrusion, Liquid Immiscibility in certain chemically
restricted natural silicate systems is supported experimentaily by the work of Roedder, 1951, 1978,
Koster Van Groos and Wyllie, 1966; Rutherford et al., 1974; Irvine, 1976; Watson, 1976; Naslund,
1976; Cygan and Koster Van Groos, 1978; Visser and Koster Van Groos, 1978, 1979.

Vogel and Wilband (1978) discussed the geochemistry of composite acidic and basic dikes
near Winnsboro, South Carolina, They favor the mechanism of silicate liquid immiscibility, based on
partitioning of rare-earth elements, to explain the origin of coexisting lamprophyre and granophyre.
McSween et al. (1979) argue that these dikes represent the co-mingling of two unrelated magmas.
Coexisting granitic and basaltic rocks at Mt. Desert Island, Maine, appear to represent two miscible
liquids of divergent composition that co-mingled and failed to mix due to large differences in viscosity
and rapid crystallization (Taylor et al., 1979).

In rare occurrences, thermal metamorphism in the sanidinite facies may result in partial
melting of hornfels (Spry, 1969). Holgate (1954, 1956) cited the field evidence of various
investigators (Wright, 1911;Campbell et al., 1932; Holmes, 1936; Kennedy and Read, 1936; and
Reynolds, 1938;) and noted that siliceous xenoliths reacted with basic magmas such that a melt zone
of quartzo-feldspathic material surrounded by a rim of prismatic pyroxenes was produced at the
interface between the basic magma and each siliceous xenolith. Holgate concluded that basic magma
and the quartzo-feldspathic melt were immiscible. Roedder (1956) presented evidence that the
coexisting basic and silicic melts described by Holgate are not necessarily in an immiscible
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relationship. Instead, he concluded that there was simultaneous diffusion of alkaluminous and
cafemic ions in a strong concentration gradient.

Geological setting of the Xenolith in the Graniteville Quarry

. A xenolith of Lockatong argillite is exposed in the Palisades diabase in a quarry at

Graniteville, Staten Island. The xenolith has been recrystallized to a hornfels. It is a vertically dipping
slab, 0.3 to 0.5m wide, and some 30 m long. The xenolith strikes N 30°W. The bottom of the
xenolith is not exposed. Based on the measured density of 2.60 g/cc and 2.95 g/cc for the xenolith
and the enclosing diabase, respectively, we conclude that the xenolith was derived from the
Lockatong formation below the sill. Between the diabase and the hornfelsed xenolith is a sharply
bounded interface zone of coarse-grained igneous rock The interface zone ranges from 5 to 12 cm
in thickness and completely surrounds the xenolith. We have categorized the coarse-grained rock of
the interface zone as a melanocratic pyroxene trondhjemite’

The diabase-trondhjemite interface and the trondhjemite-hornfels interface are sharp and
irregular . Pyroxene and plagioclase in the diabase within 5 mm of the diabase-trondhjemite interface
show the effects of hydrothermal alteration. In the pyroxene, this is manifested by the development
of hornblende and actinolite; in the plagioclase, sericite was formed.

1We fote that, in the classification of Streckeisen et al. (1973), this rock would be classified as albite granite. However, we consider the term
albite granite a contradiction in terms inasmuch as a granite by definition is a K-feldspar-bearing phanerite and K-feldspar is absent in this phanerite.
We prefer the classification of O'Connor (1965) in which a quartz-bearing phanerite containing plagioclase of composition Ab, as the dominant
feldspar is classified as a trondhjemite.
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trondhjemite interface

30



The diabase

The diabase at Graniteville is composed dominantly of plagioclase (Ang Ab,, (Or,,) and augite (Eng,
F$17.5W0,5,,) The augite contains exsolution lamellae of pigeonite on (001), and typically exhibits
simple contact twinning on (100). A granophyric intergrowth of quartz and K-feldspar is present in
minor amounts. Grains of titanomagnetite with oxidation lamellae of ilmenite and discrete grains of
ilmenite are common. In view of the occurrence of oxidation lamellae of ilmenite in the
titanomagnetite, no attempt was made to use the Buddington and Lindsley (1964) relationship to
obtain an fo, and temperature of crystallization. However, an independent approach to determining
the temperature of the diabase magma will be discussed below.

The trondhjemite

The trondhjemite is composed dominantly of quartz-albite granophyre in which are enclosed
large discrete crystals of albite and Ca-rich clinopyroxene . Minor constituents include interstitial
calcite, titanite, ilmenite, optically homogeneous titanomagnetite, nickelian and cobaltian pyrrhotites,
apatite, and sphalerite. The modal mineral percentages are clinopyroxene 38, albite 38, quartz 18,
titanite 2.7, calcite 1.3, and opaques 2.0.

Chemical variation in the pyroxenes is illustrated in Figure 3 . There is a complete gradation
from Fe-rich compositions close to the diabase-trondhjemite interface to Mg-rich compositions close
to the trondhjemite-hornfels interface. Pyroxenes adjacent to the trondhjemite-hornfels interface are
large euhedral crystals 5 to 30 mm in length.; Cores of some of these clinopyroxenes are enriched in
Mg; Mg/Fe (atomic) ranges from 2.7 in the cores to 2.2 in the rims. Within a distance of 16 mm from
the diabase-trondhjemite interface, a few augite crystals occur which are similar to the augite of the
diabase inasmuch as they contain lamellae of pigeonite parallel to (001). These crystals are enclosed
in the trondhjemite and are probably xenocrysts derived from the diabase. Near the diabase-
trondhjemite contact, high-Ca clinopyroxene related to the trondhjemite occurs as overgrowths in
optical continuity with cores of pigeonite-augite intergrowths derived from the diabase. The
pigeonite-augite intergrowths apparently served as nucleation sites.

Some of the high-Ca clinopyroxene crystals in the trondhjemite were altered hydrothermally
by post-magmatic fluids to the assemblage: actinolite + titanite + calcite.

The dominant petrographic component of the trondhjemite is an albite-quartz granophyric
intergrowth, Albite (Aby,An, 5,01, ,,) occurs as both early-formed discrete euhedral crystals and also
as a major component of the granophyric intergrowth with quartz. The early albite crystals are
localized at the diabase-trondhjemite interface. Some of these large crystals of albite exhibit Carlsbad
twinning,
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Minor Minerals

Zinc sulfide occurs as euhedral
crystals(30-70 um in diameter) embedded
selectively in the albite of the granophyre. As
seen in thin section , dark well-defined cores
contains 13-16 mole% FeS, whereas pale
yellow-brown rims contain between 0.2 and 2.0 20 et e e
mole percent FeS. Electron microprobe data
(Figure 4) show that there is a sharp
compositional discontinuity between the core
and the rim. In reflected light the core-rim
relationship is resolvable because of the higher
reflectivity of the core, and in transmitted
polarized light between crossed polarizers, the
rim appears illuminated because of internal
reflections. '

Mole % Fe3 in Za8

The euhedral grains of zinc sulfide
typically have the shape of an equilateral
triangle, the corners of which are truncated . Figure 4. Typical zoning profile of the magmatic
This results in a six-sided form with alternating  Zn$S. crystals, showing the distribution of iron as
long and short sides that resembles most closely determined by electron-microprobe
the crystallographic form of an isometric analysis.From Sclar and Benimoff,(1993)
positive tetrahedron modified by a negative
tetrahedron. This morphology is characteristic of sphalerite. Nevertheless, such a morphology is not
incompatible with the hexagonal symmetry of wurtzite if the grains are considered to be basal (0001}
sections or near-basal sections. However, the absence of anisotropic longitudinal c-axis sections
suggests that the crystals that nucleated in the trondhjemite magma were sphalerite and not wurtzite.
Some of the euhedral crystals show deep embayments that may be indicative of magmatic resorption.

The carbonate phase in the trondhjemite is calcite which occurs as single-crystal interstitial
fillings between the silicate minerals. There is no evidence, such as colliform or crustiform structures,
which would indicate that this calcite is a product of cavity filling. The calcite, therefore, appears to
be a late igneous mineral.

Aggregates of ilmenite are locally surrounded by euhedral to subhedral crystals of titanite.
Titanite is also present as discrete euhedral crystals which appear to be part of the early magmatic
suite. Optically homogeneous euhedral grains of titianomagnetite occur as inclusions in the high-Ca
clinopyroxene. Nickel- and cobalt-bearing pyrrhotite is present as microscopic grains. Euhedral
apatite crystals occur in the granophyre and as inclusions in the high-Ca clinopyroxene.
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Figure S The system diopside-nepheline-silica (Shairer and Yoder 1960). The deduced
composition of trondhjemite magma is shown by x which lies at a temperature of
approximately 1150°C. The crystallization sequence of major phases is: diopside, followed
by diopside and albite, and lastly by quartz-albite granophyre. A is at 1073°C. B represents
the dry minimum melting temperature (1062°C) in the quartz-albite system. The
composition at B, is 68.5 albite and 31.5 quartz (in wt.%).(from Benimoff and Sclar, 1984)
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Crystallization sequence

The sequence of magmatic crystallization in the trondhjemite, as shown by petrographic
relationships is apatite, titanomagnetite, ilmenite, high-Ca clinopyroxene, discrete crystals of albite,
titanite, zinc sulfide, albite-quartz granophyre, and interstitial calcite. The crystallization sequence
of the major phases (albite, quartz, and pyroxene) is in accord with the most pertinent ternary phase
diagram of this system (diopside-nepheline-silica) as determined by Schairer and Yoder (1960) (see
Figure 5). If crystallization commenced at x, which is close to 1160° C, the temperature of
crystallization of the trondhjemite deduced in subsequent discussion (see below),
diopsidic clinopyroxene would be the first major phase to crystallize. When the diopside-plagioclase
boundary was reached on cooling, albite and diopside crystallized. When the temperature reached
1073°C, an albite-quartz would granophyre crystallize until the albite-quartz eutectic is reached at
1062°C, which is the dry minimum melting temperature in the quartz-albite system (Figure 6) at one
atmosphere (Schairer and Bowen, 1956). The composition of this eutectic is 31.5 quartz-68.5 albite
which is close to the normative quartz and albite content of part of the parental hornfels of the
trondhjemite.

The xenolith

Petrographic examination shows that the xenolith is now a hornfels and exhibits a granoblastic
texture. The hornfels is composed dominantly of albite and quartz and subordinantly of calcite,
titanite, apatite, ilmenite, and actinolite. The modal mineral percentages are albite 66, quartz 30,
titanite 2.3, calcite 0.9, apatite 0.5, and actinolite 0.3. The bulk composition of the xenolith is
variable, as shown in Table 1, which is not unexpected for a rock of sedimentary origins. Normative
albite ranges from 56.4 to 80.2 wt.%, whereas normative quartz ranges from 7.0 to 35.4 wt.%.
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Figure 7 Plot of temperature vs. iron enrichment(after Tilley et al. 1964) showing that
Graniteville Quarry sample D-2 correlates with a liquidus temperature of 1160° C and that the
Palisades chill margin(PCM;Walker 1969 correlates with a liquidus temperature of 1220° C. From
Benimoff and Sclar, {1988).

36



Table 1.Chemical analyses and CIPW norms of the xenolith and the associated trondhjemite
and diabase from the Graniteville Quarry, Staten Island, New York
#

Chemical Analyses, weight % oxides

XA XB TA B D-1 D-2
Si0, 748 63.5 584 582 518 52
AlLO, 11.6 16.1 6.75 6.91 16.8 16.7
TiO, 0.61 0.75 1.63 1.48 1.17 1.13
MgO 0.23 0.3 4.89 5.14 4.91 4.74
FeO 0.1 0.1 435 5.6 6.7 7.85
Fe,0, 0.31 0.47 1.51 1.93 2.75 1.74
MnO 0.02 0.04 0.14 0.16 0.16 0.19
Ca0 2.07 56 13.1 11.5 8.79 10.2
Na,0 6.67 9.48 376 3.81 3.22 2.58
K,0 0.07 0.12 012 - 0.14 14 0.76
P,0, 0.09 0.13 03 0.09 0.14 . 015
LOI 1.48 3.85 471 2.88 1.15 0.23

Total 98.05 100.34 99.66 97.84 - 9899 98.27

R

CIPW Norms

XA XB " TA TB D-1 D-2
Q 3541 7 19.32 16.27 1.42 4.63
Or 0.39 0.72 0.84 8.29 451 3.23
Ab 564 80.24 3541 32.25 27.27 21.82
An 0.39 1.34 27.24 31.74
Wo 13.49 15.46 6.48 7.49
En 0.57 0.74 9.19 9.62 3.67 3.72
Fs 325 492 2.53 3.62
En 2.99 3.18 8.53 8.08
Fs 1.06 1.62 5.87 -7.85
mt 2.2 2.8 3.98 2.52
hm 0.34 0.46
il 0.26 0.09 3.1 281 2.22 2.14
tn 1.2
! 0.22
ap 0.19 0.28 0.65 0.19 0.31 0.34
C ’ 02
cC 3.36 8.76 10.71 6.65
H,0 1.15 0.23
Total 97.59 100.49 99 .68 97.85 98.96 98.69

D-1 Diabase: Adjacent to Trondhjemite (TA), D-2 Diabase taken 47 meters S30°W of D-1; TA Trondhjemite: North end
of xenolith; TB Trondhjemite: south end of xenolith; XA Xenolith north end of outcrop; XB xenolith south end of outcrop.



The hornfels was derived from the Newark Supergroup (Olsen, 1980)of sedimentary rocks
which encloses the Palisades Sill. This group of rocks consists of the Stockton, Lockatong, and
Brunswick formations (Van Houten, 1964, 1965, 1969, 1971), The protolith for the xenolith was
probably a silty lacustrine sediment rich in sodium and carbonate, but very low in potassium and iron
and these are the chemical characteristics, of much of the Lockatong formation.

Discussion

Tt is apparent from spatial relationships and petrochemical data that the margins of the xenolith
of Lockatong argillite fused as a result of being immersed in the diabase magma. Based on the dry
albite-quartz equilibrium diagram(Figure 6) of Schairer and Bowen (1956), the temperature of the
diabase magma surrounding the hornfelsed xenolith must have been about 1160°C in order to have
effected melting of a xenolith of the bulk composition shown in Table 1. Hess (1956) concluded that
dolerites crystallize at a temperature of about 1100°C. Later, Tilley et al. (1964) correlated
experimental determinations of liquidus temperatures with an iron-enrichment index [(FeO +
Fe,0,/(MgO + FeO + Fe,0,)] in natural rocks. The iron-enrichment index of the chilled-zone of the
Palisades diabase (Walker, 19692) is 0.58 which correlates with a liquidus temperature of 1220°C.
The iron-enrichment index of specimen D-2(see Table 1) is 0.67 which correlated with a liquidus
temperature of approximately 1160°C(figure 7). We have examined hornfelsed xenoliths of
Lockatong argillite at the base of the Palisades Sill in New Jersey, but these xenoliths do not show
any evidence of fusion. Sosman and Merwin (1913) found that arkosic xenoliths in the Palisades Sill
in New Jersey did not show evidence of fusion, although this material was shown experimentally to
be partly fused at a temperature of 1150°C dry. It appears that in some instances hornfelsed xenoliths
which should have fused at the temperature to which they were subjected did not fuse, perhaps -
because of the relatively high rate of cooling which might be expected to prevail near the basal
contact of the sill. _

In the case presented in this study, the presence of pyroxene suggests that the xenolith of
Lockatong argillite was dry at the time of fusion. In addition, the position of the xenolith in the
middle of the sill suggests that any original water in the sedimentary rock would have been expelled
long before it reached this position.

Several lines of evidence suggest that the location of this xenolith is approximately 525+50
feet above the base of the sill. Normalizing the diabase surrounding the xenolith to the Englewood
Cliff section of Walker (1969a) shows that: (1) modal analysis of D-1 (Table 2) lies between W-N-60
and W-R-60 of Walker, thus placing upper and lower constraints of 560 feet and 365 feet above the
base of the sill for the xenolith; (2) the composition of augite and plagioclase in D-1 is in accord with
the above constraints and indicates the middle differentiation series of Walker; (3) the mafic
fractionation indices [(Fe) + Fe,0,)(100%)/(MgO +Fe,0,)] of W-N-60 and D-2 are respectively
66.55 and 66.92 (Figure 8), and (4) D-2 plots directly on the differentiation trend for the Palisades
Sill (Figure 9). D-2 plots closer to W-N-60 than any of the Englewood Cliff specimens of Walker
(1969a).
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m
Table 2. Modal Analyses (in Volume%) Of Palisades Diabase, Englewood Cliffs (from Walker
1969a) '

Specimen Height*, fi Plagioclase Pyroxenes Opagues Micropegmatite
W-889LC-60 1 39 1.5 5

W-865-60 30 46 54 25 1.5
W-824-60 70 30 38 2

W-804-60 90 43 51 1.5 25
W-U-60 215 49 47 13 1.4
W-R-60 365 59 33 2 3.0
W-N-60 560 66 245 3 38
W-J-60 685 47 343 5 10.0
W-E-60 805 35 23 6.2 23.0
W-F-60 790 40 tr. 3 245

Micrometric analysis Of Diabase, Graniteville Quarry, Staten Island, N.Y., From Benimoff and
Sclar, (1984).

D-1 500+ 50 60.7 326 42 25

* above the base of the sill
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Figure 8. Plot of mafic index of Palisades diabase against height above the base of the sill. Note
that Graniteville sample D-2 coincides with Palisades Sill sample W-N-60(Walker, 1969) From
Benimoff and Sclar(1988)
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Figure 9. (N2,0 + K,0)-FeO-MgO) diagram which shows the composition of Palisades
diabase specimens D-1 and D-2 from this study and the diabase from the Englewood Cliffs
section of Walker (1969a). D-2 falls directly on the Palisades diabase differentiation trend of
Walker (1969a). D-1 shows Fe-depletion and alkali enrichment. FeO represents total Fe
expressed as FeO. From Benimoff and Sclar, (1984,1988)
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A thickness of 900 feet is assumed for the Palisades Sill at Graniteville, Staten Island in accord with
a subsurface intersection of the sill revealed in drill-core at Sewaren, N.J. (Van Houten, 1969). At
525 feet above the base of the sill, a xenolith of Lockatong argillite might easily have fused.

There are differences between the bulk chemical composition of the trondhjemite and that of
the Lockatong hornfels (see Table 1), which are due to the paucity of the ferromagnesian component
in the Lockatong hornfels. This suggests that Fe* ,Mg*, and some Ca*" diffused from the diabase
magma into the fusion zone of the xenolith and were incorporated into the high-Ca clinopyroxene
now present in the trondhjemite. This gave rise to a more complex bulk chemistry for the
trondhjemite than would have been obtained solely by fusion of the xenolith. As shown in figure 9,
D-1 and D-2 differ in that D-1 is relatively enriched in sodium and relatively depleted in iron. This
indicates that Na* ions diffused out of the trondhjemite magma and into the diabase magma, whereas
Fe?* ions diffused from the diabase magma into the trondhjemite liquid.

The identity of two contiguous magmas of diverse composition may be maintained for a
limited amount of time (Yoder, 1973). The coexisting melts described in this study did not mix,
although there appears to have been simultaneous diffusion of ions across the liquid-liquid interface.
The coarse grain size of the trondhjemite (especially the large euhedral clinopyroxene crystals) and
the evidence for chemical diffusion strongly indicate that these two melts coexisted for some time.

Yoder (1973) suggests that the failure of two contrasting magmatic liquids to mix might be
due to (1) immiscibility, (2) short time of contact, or (3) high viscosity occasioned by volatile loss.

Silicate liquid immiscibility involves the splitting of a homogeneous magma into two

immiscible fractions upon cooling (Roedder, 1978). This occurs when AH . (enthalpy of mixing),

is greater than the entropy of mixing term T4 §m so that AEH . in equation (1) 1s positive
AG, = AH, - TAS (1

(Ryerson and Hess, 1978). An upward convexity in the G-X surface of the liquid is produced such
that the AG of the system is minimized by the liquid-liquid separation (Hess, 1977; Ryerson and Hess,
1978). This is not the case in the study presented in this paper, inasmuch as the spatial relationship
of the trondhjemite to the xenolith and the diabase, and the petrochemical data reveal that the
trondhjemite is a fusion product of the xenolith.

In order to determine whether or not the diabase magma and the trondhjemite magma were
in an immiscible relationship, their respective positions on an FeO-(ALO, + K,0)-Si0, diagram
(Watson, 1976) were plotted(Figure 10). This showed that the diabase and trondhjemite compositions
plot outside of the liquid-immiscible field. Also it was noted that any attempt to draw conjugate tie
lines between respective diabase and trondhjemite compositions resulted in lines which were
perpendicular to the conjugate tie lines within the field of liquid immiscibility.

We also plotted the diabase, trondhjemite, and xenolith compositions, respectively, on the
hypothetical pseudoternary phase diagram, [SiO,] - [Na,0-K,0-Al,0,] - [FeO + TiO, + MnO + MgO
+ P,0,] (see Grieg, 1927, Weiblen and Roedder, 1973; McBirney, 1975, Philpotts, 1979), but
conjugate tie lines drawn between diabase and trondhjemite compositions are still perpendicular to
the tie lines shown in the field of liquid immiscibility (Figure 11). Therefore, the diabase and the
trondhjemite do not appear to be in an immiscible relationship.

42



K20+A|203

+Al
30/ 30 % K20+A1203

Y4
30

Waight % FeO

Figure 10. Diabase, xenolith, and trondhjemite compositions plotted in the system FeO-
(ALO, + K,0)-8i0, diagram (Watson, 1976) showing that the diabase and trondhjemite are
not in an immiscible relationship. The high-temperature and low-temperature immiscibilty
fields are marked by the dashed and dot-dashed curves, respectively. From Puffer et al.
(1992)
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Figure 11. Diabase, trondhjemite, and xenolith compositions plotted on the pseudoternary
diagram (Si0,)-(K,0 + Na,0 + Al,0,)-(FeO + TiO, + MnO + MgO + CaO + P,0,). The high
temperature and low-temperature immiscibility fields are marked by dashed lines (system
fayalite-leucite-silica after Roedder, 1951). Also plotted are the compositions of (1) Rattlesnake
Basalt (A) and its mesostasis (B) (Philpotts, 1979); and (2} a pair of conjugate liquids (SK)
produced experimentally from mixtures of late-stage Skaergaard rocks (McBirney, 1975). The
calculated Skaergaard differentiation trend is shown for comparison (cm = chilled margin; a, b,
and c represent the upper zone, Gr = melanocratic granophyres). Inasmuch as both TA and TB
coincide, their compositions are represented as T. As expected, Walker's (1969a) W-N-60
coincides with D2. The x's represent immiscible liquids in the Rattlesnake Hill Basalt (Philpotts,
1979). From Benimoff and Sclar (1984, 1988)
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It seems highly improbable, in view of the geological setting in which these contrasting liquids
occur, that lack of mixing was due to the short time of contact. It also seems highly unlikely that lack
of mixing was due to high viscosity occasioned by volatile loss inasmuch as the xenolith would
probably have been devolatilized before melting of its margins occurred. The relatively high viscosity
of the relatively silicic trondhjemitic liquid appears to be the factor responsible for the lack of mixing.

Origin of the Sphalerite

Sphalerite is a remarkably refractory sulfide, with a melting point at one atmosphere of
pressure in excess of 1800°C (Kullerud 1966). Nevertheless, all known economic deposits of
sphalerite are of hydrothermal origin, and occurrences of magmatic sphalerite are rare (Ramdohr
1980, p. 519). However, a few occurrences of magmatic sphalerite have been reported. Desborough
(1963) reported the occurrence in Missouri of sphalerite of apparently magmatic origin, it occurs as
disseminated grains in unaltered intrusive tabular bodies of olivine diabase, coarse ophitic gabbro, and
layered gabbro. He indicated that, because of its fack of distinctive optical properties, sphalerite may
easily be overlooked or mistaken for ilmenite in microscopic examination of thin and polished
sections. He also reported that sphalerite may be a rare constituent of magmatic droplets of iron,
nickel, and copper sulfides in mafic igneous rocks. Wilson (1953) stated that some Zinc may enter
the magmatic Cu-Ni-Fe sulfides, although zinc typically reaches its maximum concentration in a mafic
magma at a much later stage than the formation of the magmatic sulfides. Naldrett (1989) pointed
out that zinc is conspicuously absent in magmatic sulfide ore, although some of the magmatic sulfide
ores of Sudbury average 100-200 ppm of zinc, and some copper-rich stringers contain up to 3700
ppm of zinc. According to Naldrett (1989, p. 52), the sulfide melt - silicate melt partition coefficient
of zinc is about 1, and, consequently, zinc does not concentrate in sulfide melts. We report evidence
here for the direct crystallization of magmatic sphalerite from a felsic silicate melt.

Petrographic relationships indicate that the sphalerite is part of the magmatic suite and that
is probably crystallized from the silicate melt at temperatures between 1062° and 1073°C (before the
albite of the quartz-albite granophyre and after the augite phenocrysts and early discrete crystals of
albite). Based on the geological setting, pressure at the time of crystallization was probably less than
2 kilobars. A possible source of the zinc and sulfur was the sedimentary xenolith (now a hornfels),
which contains 20-54 ppm of zinc. Another possible source of the zinc and sulfur is the surrounding
uncontaminated diabase, which contains 50 ppm of zinc. Zinc and sulfide ions could have diffused
from the basaltic magma across the liquid-liquid boundary between the coexisting basaltic and
trondhjemite magmas.

The equilibrium boundary between sphalerite (low-temperature polymorph) and wurtzite
(high-temperature polymorph) in pure ZnS occurs at 1020°C at 1 atmosphere (Kullerud 1966); the
pressure-dependence of the inversion is not known. The inversion temperature is lowered at about
960°C with 15 mole % of FeS in solid solution (Kullerud 1966). These phase relationships in the
ZnS-FeS system suggest that wurtzite should have nucleated as the equilibrium phase in the
temperature interval 1062-1073°C and then inverted to sphalerite on cooling below the solidus, but
the morphology of the ZnS crystals suggests, at first, that sphalerite was the magmatic phase.
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Figure 12. Chondrite Normalized plot (composite of 9 chondrites, Haskin, et. al 1968)ot
trondhjemite specimens 4ATJ11, 4ATJO00; Diabase 4ADA11, and xenolith 4AXN. Note the
LREE enrichment and negative Eu anomally in trondhjemite and xenolith specimens, and the
positive Eu anomally in the diabase specimen.

46



However, it is important to note that several of the polytypes of wurtzite (3R, 9R, 12R, 15R, 21R)
have symmetry R3m (Kostov & Minseva-Stefanova 1982). It is possible, therefore, that the
magmatic ZnS$ crystals developed as thin tabular forms of wurtzite parailel to (0001). They would
display trigonal outlines like basal sections of tourmaline and appear optically isotropic regardless of
whether they inverted to sphalerite. Such an occurrence of wurtzite would be compatible with the
estimated temperature of crystallization and the equilibrium relationships between wurtzite and
sphalerite. ‘

Toulmin ef al. (1991) have recently reviewed the binary system (ZnS-FeS) with specific
reference to the FeS content of sphalerite in association with pyrite and pyrrhotite as a function of
temperature and pressure. However, the absence of pyrite and pyrrhotite in direct association with
Graniteville sphalerite precludes the application of their conclusions to this occurrence.

REFE Studies

This occurrence constitutes an exceptional circumstance in igneous petrology in which the
source rock (xenolith) and the igneous daughter product (trondhjemite) are contiguous and in
which the geological, petrographical, mineralogical, and chemical evidence point unequivocally
to a parent-daughter relationship. This setting provides an opportunity to test whether REE
signatures reflect the source of an igneous rock. Chondrite-normalized RE plots(Figure 12) of the
xenolith, the trondhjemite, and the contiguous Palisades diabase were prepared from RE analysis.
The trondhjemite and the xenolith plots are characterized by a pronounced negative europium
anomaly (Bu 20-30 times chondrites), LREE concentration of 80-100 times chrondites, and HREE
concentrations of 30-50 times chondrites. By comparison, the diabase shows a positive europium
anomaly (EU 19-26 times chondrites), LREE concentrations of 18-40 times chondrites, and HREE
concentrations of 10-17 times chondrites. It is concluded that the REE signature of an igneous rock
does indeed reflect that of the source rock.

Conclusions

Petrographical, mineralogical, and chemical data, plus field evidence indicate that coexisting
silicic and mafic melts resulted when the margins of a xenolith of Lockatong argillite enclosed within
the Palisades sill fused. There must have been diffusional interchange of ions to account for the more
complex bulk chemistry of the trondhjemite as compared with the argillite protolith. This study
suggests that Fe?*, Mg?*, and Ca® diffused from the diabasic magma into the fusion zone of the
xenolith, and that Na* diffused from the fusion zone of the xenolith into the diabasic magma.
Evidently, these two chemicaily divergent magmas did not physically mix.

A dry magma of the composition of the trondhjemite would have a very high viscosity
compared with the diabase magma. This high viscosity apparently prevented disruption of the liquid-
liquid interface and thereby minimized physical mixing of the diabase and trondhjemite magmas. We
are currently studying the chemical gradients in the three contiguous rocks with particular reference
to what is interpreted as the liquid-liquid boundary. Slices, cut + to the long axis of a core

47



containing the three contiguous rocks, were chemically analyzed for major, minor, and trace
elements including REE's. We hope to determine the relative diffusivities of the corresponding
ions in the coexisting melts.

PART I: Leucocratic Dikes at the Travis Quarry and Bayonne Bridge Toll Plaza

Travis Quarry

A steeply dipping albitite dike 10-15 cm thick in the Palisades Sill at the Travis Quarry, was
reported by Benimoff et al. 1988). The dike is exposed continuously on strike for 3.5 meters, and may
be traced 30 meters along strike (N 12° E). The leucocratic dike is coarse grained (1cm) . It consists
of 85 volume % euhedral to subhedral albite (Abyg), 15 volume % of interstitial subradial prisms of
augite(Wo,, ssBn,Fs,), and minor ilmenite. Chemical analyses and CIPW norms of the diabase
(TV02) and albitite (TV01) are given in Table 3.

| Bayonne Bridge Toll Plaza

Another steeply dipping albitite dike 12 cm thick in the Palisades Sill at the south end of the
Bayonne Bridge was reported by Benimoff et al. (1990). The dike strikes N 30° E. The leucocratic
phaneritic albitite dike is composed dominantly of subhedral albite and subordinately of interstitial
augite which is partly altered to actinolite and chlorite.Chemical analyses and CIPW norms of the
diabase (BBDB) and the albitite dike (BBAL) are given in Table 3.

Interpretation of the albitite dikes

Based on the chemical and mineralogical characteristics of the leucocratic dikes in the
Palisades Sill, it is concluded that the parental magma of these dikes was derived from fusion of
xenoliths of Lockatong argillite in the Palisades Sill , and that these leucocratic intrusions are not late
magmatic differentiates of the diabase sill. Late differentiates are quartz-kspar with a relatively high
Na,0/K,0 ratio. These leucocratic intrusions probably represent the end stage of a process
represented in an arrested state by the partly fused xenolith of Lockatong argillite in the Graniteville
Quarry as discussed in Part I. The Lockatong argillite is a chemically unusual sedimentary rock with
an exceptionally high Na,O/K,0 ratio. The xenolith - derived dike magmas and the diabase magma
did not co-exist as a two-liquid system for a period of time sufficient to permit chemical diffusion
across the liquid-fiquid interface as it did at Graniteville. Similar occurrences of leucocratic dikes are
described by Benimoff et al. (1989), and Puffer et al. (1994).

Walker and Poldervaart (1949) studied the field relationships of the reaction products of the
Karroo dolerite magma with associated sedimentary rocks and reported that examples of assimilation
are rare. They concluded that rheomorphism and transfusion or metasomatism of sedimentary rocks
occur more commonly. The former process includes all processes whereby sedimentary rocks are
fused sufficiently so that they are capable of flowing, and the latter processes as due to emanations
of alkali-rich fluids reacting with minerals of the sedimentary rocks to produce new minerals. They
describe(Figure 13) a lenticular siltstone xenolith that measured 15.24 m x 2.43 m about 30 m from
the upper contact of a sill 183 m thick. Surrounding the xenolith is a zone of granophyre that exhibits
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sharp boundaries with the dolerite and the xenolith. They report that "rheomorphic veins" originate
from the granophyric zone. Although they propose  transfusion-type of process for the origin of the
granophyre, BenimofF et al.(in prep.) propose that it is equally as probable that the granophyre is a
fusion product of the xenolith. The spatial arrangement of the "rheomorphic veins" suggest that the
granophyric magma is the source of the "rheomorphic veins". If this granophyre is a fusion product
of the xenolith, then some of the leucocratic " veins" that occur in the Karroo dolerite also-have their
source in the associated sedimentary rocks(Benimoff et al., in prep.).

PARTII: The New Exposure of Palisades Diabase at the North End of the new CSI
Willowbrook Campus

An new exposure of Palisades diabase was revealed in an excavation for a storm runoff
retention basin at the north end of the new Willowbrook CSI campus. It was examined by A. L.
Benimoff and J. H. Puffer on November, 17, 1993. This exposure is either an outcrop or a large
glacial erratic, Although the exposure is near the eastern contact of the Palisades sill, its chemistry(see
Table 3) is indicative of the highly fractionated diabase of the upper sill. It contains about 20% by
volume of interstitia! remarkably unaltered granophyre composed of quartz and K-feldspar. On one
side of the exposure, there appears a xenolith, but it is so highly altered to actinolite and chlorite that
its origin is obscure.
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Figure 13. Sketch of the xenolith and pegmatite enclosed in the Karroo Dolerite (from Walker
and Poldervaart 1949)
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Table 3.Chemical analyses and CIPW norms of the Jurassic Igneous Rocks at Travis, South
end of the Bayonne Bridge, Teleport, and CSI Willowbrook Campus, Staten Island, New
York

Chemical Analyses, weight % oxides

TVOl TV02 BBAL BBDB TLO1 CSI03
Sio, 62.7 52.3 60.1 52.5 51.88 53.29
ALO, 17.7 12.5 16.2 15.4 16.85 11.0
TiO, 0.37 10.1 0.85 1.14 1.06 2.87
MgO 221 9.31 0.97 5.42 6.1 4
FeO 1.4 2.33 0.7 8.4 6.72 11.46
Fe,0, 0.79 0.72 1.36 1.67 1.68 2.86
MnO 0.07 1.56 0.04 0.17 0.14 02
Ca0 3.68 8.4 4.55 10.2 10.67 6.79
Na,0 8.79 0.18 9.39 2.48 2.65 3.2
K,0 0.48 0.91 0.36 0.84 0.86 1.83
P,0, 0.02 0.11 0.08 0.14
LOI 1.54 0.77 4.7 0.47 1 2.0
Total 99.75 100.3 99.3 98.83 99,61 99.5

#
CIPW Norms
TVO1 TV02 BBAL __BBDB TLOL CSI1

Q 0.27 0.89 1.59 1.08 1.53 5.71
or 2.83 425 2.12 4.82 5.08 10.8
ab 74.36 19.71 79.46 20.36 22.42 27.06
an 7.42 21.52 1 27.57 31.53 10.24
di 7.97 22.68 17.07 17.46 19.65
hy 3.1 25.12 16.78 16.13 14.42
en 2.42
hm 0.42
mt 1.14 2.27 2.36 2.44 4.15
il 0.7 1.73 2.11 2.02 5.46
tn 2.08
n
ap 0.34 0.24 0.2 0.3
cc 6.25
wo 5.85
C
pv 0.08
ac
Total 98.13 98.42 97.79 98.28 98.61 97.5
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IMPLICATIONS OF THE GRANITEVILLE XENOLITH FOR FLOW DIRECTIONS OF
THE PALISADES MAGMA.
MERGUERIAN, Charles; and SANDERS, John E., 114 Hofstra
University, Geology Department, Hempstead, NY 11550-1090. -

Examination of the orientation and marginal relationships of
xenoliths in the Palisades intrusive sheet of New York and New
Jersey suggests that one of the feeder areas for the intrusive
sheet was in the vicinity of Graniteville, Staten Island.
Geological relationships in Fort Lee, New Jersgey, indicate that
internal flow of the magma was directed northward, perhaps away
from the Graniteville feeder area.

The Palisades 8ill, a world-renowned mafic intrusive sheet,
is continuously exposed from west of Haverstraw, New York
southwestward tc Staten Island, NYC. Many investigators have
postulated that the Palisades magma flowed outward from fractures
paralleling the NE-SW-trending Ramapo fault. To reach Fort Lee,
magma from such fractures would have to flow from NW to SE.
Beneath the George Washington Bridge, in Fort Lee, NJ, many large
Lockatong xenoliths and screens containing contact-metamorphosed,
deformed, highly laminated cyclic lacustrine sediments, are
exposed. At the S end of the xenolith, hypocrystalline basalt is
adjacent to metamorphosed Lockatong. Microscopic vesicles in the
basalt may have been caused by fluidized pore water from the
bounding sediments. Near the contact, the sandy sediments are
chaotic and have "intruded" the igneocus rock to form crude
"sedimentary apophyses" and clastic dikes up to 20 cm long.

The microscope shows altered, contact-metamorphosed remnant
clagstic textures within the "clastic dikes" with subrounded
feldspars, quartz, basalt, and other lithic fragments. Locally,
the clastic grains are aligned parallel to the clastic-dike
margins. In the same contact zone, a 40-cm-thick basaltic
offshoot intrudes a Lockatong xenclith. Furthermore, the basal
contact of the Palisades sheet cuts across the bedding in a ramp-
like fashion toward the north. In the contact zone, tight,
chevron folds with vertical, E-W-trending axial surfaces indicate
differential flow from S to N not from NW to SE. Similar
relationships occur at an exposure of the Palisades at Kings
Bluff. Such flow to the N is consistent with evidence from the
Graniteville quarry, Staten Island, where a partially fused,
Lockatong xenolith is vertical and surrounded by annular
fractures. All other xencliths in the New York City area are
oriented parallel to the contact of the Paligades intrusive
sheet. This unique vertical xenolith implies upward flow of the
magma and thus proximity to the feeder channel. If this is
correct, then from Staten Igland to Fort Lee, the lateral
palecoflow pattern would have been from SSW to NNE. South of
Staten Island, we predict NNE- to SSW-directed lateral paleoflow.

Our field data suggest that in the vicinity of New York City
burial of the Palisades magma was not deep enough to allow
dewatering and total compaction of the Lockatong sediments (~ 2
km?). As such, we envision wet and wild conditions at the base
of the Palisades intrusive sheet during intrusion of the
Palisades magma.
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THE GEOLOGY OF WESTERN STATEN ISLAND, NEW YORK
NORTH AND SOUTH OF THE FALL LINE

Timothy S. Pagano
Wehran EMCON Northeast, Inc.
P.0O. Box 2006
666 East Main Street
Middletown, New York 10940

INTRODUCTION

Most of the information for this paper was obtained from work conducted for the Hydrogeologic
Investigation for the Fresh Kills Landfill Leachate Mitigation System Project (IT Corporation and
Wehran EnviroTech, 1993). One of the purposes of the Hydrogeologic Investigation was to evaluate
and interpret the geologic and hydrogeologic data obtained from previous studies and from the
Mitigation System Project itself. The results of these analyses in regard to the geology of the Fresh Kills

Landfill site and surrounding area are summarized below.

STUDY AREA LOCATION

The Fresh Kills Landfill and surrounding area are located along the western border of Staten
Island, New York (Figure 1). The landfill site itself occurs in the area where Richmond and Main Creeks
join to form the Fresh Kills (Figure 2). The Arthur Kill is a major feature, bordering Staten Island to the
west. Geologic data was obtained from the landfill site and surrounding areas. The total arca
investigated extends northward, eastward, and southward into Staten Island, and westward across the
Arthur Kill into New Jersey (Figure 2).

SCOPE OF INVESTIGATION

The main investigative tool used in determining the stratigraphy of the study area was
conventional test borings. Soil and sediment samples were taken using split-spoon samplers. Bedrock
was sampled by coring using either NX or HX size core barrels. Test boring logs from other
investigations on the landfill site and in the surrounding area were also evaluated. In all, several hundred

test borings were used in the interpretation (Figure 2).

61



s AdvIince

APPALACHIAN YALLEY B MIDGE

] NEW ENGLAND
‘_/ Aol [READING PRONG}

oy, J, 4 i U D -_—

PEDMONT

STUDY AREA
LOCATION

e e e At Y et
O‘ V’JV
AF thlied treon i
£ e e STt Sy
MODIFIED FROM WIDMER, 1964
FIGURE 1

LOCATION OF STUDY AREA

62




Over 200 piezo-electric cone penetration test borings were conducted on the landfill site. The lithologic
data obtained from this investigation was used to supplement the lithologic data obtained from the
conventional test boring program.

Selected deep (drilled into bedrock) boreholes were also analyzed by borehole geophysics. A
total of 59 boreholes were analyzed by several different geophysical logs and compared and contrasted
with the results of the conventional test boring interpretations.

In addition, over 180 soil samples were selected for microfossil analysis. Holocene, Pleistocene,
Cretaceous, and residual clay sediment samples were analyzed by palynologists to check the
classifications and provide more detaiied stratigraphic control.

A major portion of the analysis was done by creating plan view maps of each geologic unit
which included top of unit, bottom of unit, and thickness of unit. Over 20 cross-sections were developed
across the study area to provide a vertical perspective of the stratigraphy.

PHYSIOGRAPHY

The Fresh Kills Landfill region is located within two physiographic provinces, the Coastal Plain
and Piedmont (Figure 1). The Coastal Plain is characterized by relatively flat, to slightly undulating
topography. The Piedmont is slightly more undulatory, with higher relief and elevations.

The Fresh Kills Landfill site itself is located almost entirely within a former tidal marsh
environment of low relief (Figures 2 and 3). Numerous channels drain the remaining tidal marsh. Most
surface drainage eventually makes its way to the Arthur Kill/Fresh Kill/ Main Creek/Richmond Creek
drainage network. Two remnant glacial topographic features (kames) existed prior to the placement of
fill; rising as hills out of the tidal marsh (sec "A" and "B" in Figure 3). The ground surface rises to the
north, south, and east from the former tidal marsh area along the Fresh Kills (Figure 3).
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STRATIGRAPHIC COLUNIN

Figure 4 presents the stratigraphic column for the Fresh Kills Landfill and much of the
surrounding area. Four major geologic subdivisions occur; Holocene (Recent) sediments, Pleistocene
(glacial) sediments, Cretaceous sediments, and bedrock (includes residual clay). Each major subdivision
is divided into geologic units based on textural analysis. More detail will be given on the geologic units
below. Figures 5, 6, and 7 are generalized cross-sections through a portion of the study arca ina
north-south direction, and in east-west directions north and south of the "Fall Line," showing the

distribution of the major geologic subdivision strata.

Recent Deposits

Four types of Recent deposits have been identified. They consist of Refuse/Fill, Peat, Recent
silt and clay, and Recent sand.

Since the late 1940s, fill consisting of refuse and clean fill has been placed in primarily the tidal
marsh portions of the study area. In addition to the Fresh Kills Landfill site, other major fill areas
include the Fresh Kills Ash/Residue Landfill north of the Fresh Kills Creek between the Fresh Kills
Landfill Section 3/4 and PASNY site and the Brookficid Avenue Landfill along Richmond Creck.

Peat occurs in the former tidal marsh areas throughout the study area. It is composed mainly
of brown and black vegetative matter. Silt, clay, and sand occur as minor constituents in the peat. The
thickness of the peat deposits are usually on the order of a few feet. The peat tends to occur near the top
of the Recent sequence. It is sporadically distributed. However, the unit has been correlated over
portions of the former tidal marsh areas.

Recent silt and clay occurs throughout most of the tidal marsh areas. It is composed of Tight
gray to black clayey silt to silty clay. Small amounts of sand may be included. The thickness of the unit
is usually a few feet, but sequences over 10 feet thick have been encountered. Peat and sand often occur
interbedded with the silt and clay. The Recent silt and clay is interpreted as originating mostly from
deposition of fine-grained sediment in the lower energy marsh arcas.

The Recent sands are limited to the former tidal marsh environments or along existing drainage
ways. The sand was usually fine to medium grained and light gray to black in color. Silt and clay often
occur in minor amounts. Thicknesses average a few feet, however, sequences over 10 feet have also
been found. The Recent sands are interpreted as originating from tidal channel processes either from

deposition in the channel itself or as overbank deposits.
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Pleistocene Deposits

Three types of glacial deposits have been identified. They are glaciolacustrine silt and clay,
glacial sand, and glacial tiil/diamict.

Glaciolacustrine silt and clay occurs over much of the lower lying portions of the study arca
(Figure 8). In general, it corresponds somewhat closely in horizontal extent to the existing and former
tidal marsh environments (Figure 3). The sediment is composed of red brown silty clay to clayey silt.
Minor amounts of sand are often present. Occasionally gravel-sized fragments are encountered. The
thickness of the unit ranges from a few feet to over 40 feet.

The glaciolacustrine deposits in this area are believed to have been deposited in glacial Lake
Bayonne (Stanford and Harper, 1991). At maximum extent, glacial Lake Bayonne is believed to have
extended from the terminal moraine to the Bayonne, New Jersey area (Figure 9).

Most of the glacial sand encountered in this area is composed of ice contact stratified drift.
Glacial sand is found in areas throughout the glacial sequence. It is composed of red brown sand with
minor amounts of silt, clay, and gravel. Thicknesses are quite variable and range from less than 1 foot
to tens of feet. The most prominent deposits of glacial sand/ice contact stratified drift are two kame
features that occur at the Fresh Kills Landfill site (Figure 3, "A" and "B"). The kames are composed of
interbedded deposits of glacial sand and diamict. The kame sediments interfinger with the
glaciolacustrine deposits, suggesting deposition in the glacial lake environment as kame deltas. The
kame deposits may be traced to the east and west for a distance, implying an ice marginal configuration
at each kame location. Other glacial sand deposits have been attributed to streams flowing into the
glacial lake creating small delta deposits and/or isolated sand lenses within the lodgement till.

Glacial till/diamict is found throughout most of the study areca. The glacial till/diamict is
composed of two separate units: lodgement till and non-lodgement till diamict. Lodgement till occurs
as a unit at the base of the glacial sequence (Figure 10). It is usually composed of red brown silt and
clay, with varied amounts of sand and gravel. In some cases, the lodgement till has a high sand content.
It is postulated that the sand was obtained from glacial erosion of sandy facies of the Stockton Formation
in this area, or incorporation of sandy sediment from pre-Wisconsin surface water channels. Lodgement
till thickness ranges from a few fect to tens of feet.

Non-lodgement till/diamict is found within the glacial sequence as melt-out till, flow till,
water-laid till, and turbidities. Texturally, these deposits resemble the lodgement till, but quite often are
sandier and usually occur within the glacial sequence, instead of at the base. The kame features are
composed of a fairly large amount of diamict that is interbedded with glacial sand. Diamict also occurs

within portions of the glaciolacustrine sequence as deposits such as water-laid till or turbidities.
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As the investigation at the Fresh Kills Landfill site proceeded, a pattern emerged in regard to the
occurrence of the lodgement till and glaciolacustrine silt and clay. In certain portions of the site, both
these deposits were absent, with no reasonable explanation from a depositional perspective. Upon
studying the available data, it was concluded that the lodgement till and glaciolacustrine silt and clay
were deposited in thesc areas but subsequently eroded during deglaciation, or removed by human
activity.

A specific arca where the absence of these deposits was noted was in the western portion of the
landfill site along the Arthur Kill (see Figures 8 and 10). Stanford and Harper (1991) proposed a
deglaciation scenario for this arca that helps to explain the absence of the lodgement till and
glaciolacustrine silt and clay. They believe that as the glacier receded northward, an outlet for the glacial
lakes was established over the terminal moraine where it crosses the Arthur Kill. After the glacier
receded past where the Palisades diabase crosses the Arthur Kill near Tremley Point, the meltwater
traveling down the Arthur Kill eroded the ground surface down to the diabase. Once this occurred, a
stable spillway was created because of the diabase's resistance to erosion. The creation of this spillway
signaled the end of glacial Lake Bayonne and the beginning of glacial Lake Hackensack. Using this
scenario, it is postulated that the turbulent meltwater was able to erode most of the previously deposited
glacial sediment from this arca along the Arthur Kill. This concept is further supported by information
supplied by Stanford and Harper (1991) on an uplift curve diagram used to show the various glacial lake
stages in this area (Figure 11). They identified the base of the Recent deposits at the Quterbridge
Crossing at approximately -60 feet in elevation. This elevation matches quite closely with the elevation
of the base of the Recent deposits in the western portion of the landfill site.

Another area where lodgement tilt and glaciolacustrine silt and clay were often missing was in
the area of the kames. It is believed that the meltwater that deposited the kame sediment was also able
to erode some of the lodgement till from those areas.

Some of the areas where lodgement till and glaciolacustrine silt and clay were absent did not
correspond with either of the above locations. However, when the existing ground surface beneath the
refuse was compared to the ground surface on the pre-landfill topographic maps, it was noted that the
existing ground surface was lower in elevation than it was prior to landfilling. It is believed that at these
locations the sediments were removed for use as cover or other landfill-oriented activities.

South of Fresh Kills Creek, a few sediment samples were obtained above the Cretaceous
sediments that consisted of a thin layer of yellowish sand or silt/clay. It is believed that these samples
might be of the Columbia Group, possibly Pensauken Formation sediment. However, because of the

small amount of sample, limited extent, and unresolved origin of such sediment, the interpretation is
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tentative. Examination of the samples does not rule out the possibility that the samples may be oxidized

Cretaceous sediment or fill.

Cretaceous Deposits

Two types of Cretaceous deposits were identified: Cretaceous sand and Cretaceous silt and clay.
The Cretaceous sediments occur south of Fresh Kills Creek (Figure 12). The Cretaceous sediments are
complexly stratified deposits that are difficult to map using conventional methods. The sediments
represent a time-transgressive depositional sequence. However, some generalities can be 