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Abstract
Recent debate has questioned the eﬃciency of magma diﬀerentiation in basaltic
magma chambers (Marsh, 2013). As a result, petrologists are increasingly inclined
to interpret olivine cumulate layers in small intrusive bodies as separately injected
slurries, as opposed to the result of in-situ diﬀerentiation. Two sills with basal olivine
layers, the 0601 sill, Victoria Island, NWT, Canada, and the Palisades Sill, Fort Lee,
NJ have been examined in detail. First, it can be shown that the 0601 sill could
have formed by the emplacement of a single phenocryst bearing magma, followed
by settling of the initial phenocryst load, and in-situ diﬀerentiation. Second, a highresolution analysis of the internal ordering of the Palisades Sill olivine horizon, widely
recognized as the result of an olivine slurry, is described in order to create a generalizable model of basal olivine layers formed via slurry emplacement (Husch, 1990;
Gorring, 1995). Both sills were analyzed for whole rock major and trace element
compositions, mineral compositions, crystal size distributions and modal mineralogy.
Parent-Daughter modeling, Pearce Element Ratio Analysis, trace element modeling,
and MELTS (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) were then used
to model formation mechanisms. Finally, the 0601 sill olivine cumulate layer is compared with the Palisades Sill olivine horizon. While both olivine cumulate zones look
superﬁcially similar, detailed investigation reveals that a well developed trend of progressively increasing olivine upward from the base, as observed in the 0601 sill is best
explained by crystal settling within an initial phenocryst-phyric magma, followed by
in-situ diﬀerentiation, and cannot be explained by a slurry emplacement process.
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Nanfei Cheng, Kaléo Almeida, Dr. Ramón Aguirre, Bailey Mueller, Jeﬀ Carpenter,
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Chapter 1
Introduction
Despite over a century of research, debate continues around the questions of igneous
diﬀerentiation and the responsible processes (see for example: Marsh, 2013; Latypov et al., 2015). The processes associated with magma chamber recharge, thermal
and compositional convection, and fractional crystallization by crystal settling vs.
in situ crystallization are also debated in recent literature. Sills are laterally extensive, generally 10s to 100s of meters thick, and, therefore, geometrically simpler than
spheroidal intrusions, with more complex cooling patterns. They generally lack the
strong modal layering found in large igneous intrusions, and therefore, individual samples are closer to average fractionation assemblages. In addition, sills cool relatively
faster than larger intrusions, and therefore, mineral compositions, zoning patterns,
and primary textures are better preserved than in more slowly cooled bodies. This
study focuses on understanding the role of in-situ diﬀerentiation, crystal settling and
olivine slurry recharge in a small, 26 m thick sill from Victoria Island Canada and
the Olivine Horizon of the Palisades Sill, NY-NJ. By studying the formation of these
highly diﬀerentiated layers in simpler settings, we hope to provide two generalizable
models of basal olivine layer formation, one for crystal settling and in-situ diﬀerentiation, and another for slurry replenishment, that can be applied to other more

1

complicated sills and layered intrusions.
It is necessary to understand the formation of diﬀerentiated layers for a variety
of scientiﬁc and economic purposes. Sills can serve as a staging area for magma
en-route to eruption or can crystallize in-situ to form a variety of rocks. Thus, processes active in sills can determine if an eruption will occur, and, if one does, what
type of eruption will occur. Fluxes of hot magma in to highly diﬀerentiated active
magma chambers can trigger explosive eruptions (Garcia et al., 1992; Morgan et al.,
2006), while the volatile content of primitive magmas can lead to large amounts of
SO2 or CO2 being released (Robock 2000), which could have a large impact on climate. Magma diﬀerentiation is also responsible for the distribution of continents and
oceanic basins, as poorly diﬀerentiated thin sheets of basalt lie at lower elevation than
the highly diﬀerentiated continental crust (Hofmann, 1988). Lastly, intrusive reefs
can also be important sources of economically viable ore deposits like the Bushveld,
Duluth, Stillwater, Jinbaoshan and Muskox intrusions (Naldrett et al., 1992, 2008;
Naldrett, 1999; Wang et al., 2010; Mainwaring and Naldrett, 1977). In particular, the
Norilsk sill complex in Siberia is an important source of Pt, Pd, Ni and Cu (Naldrett
et al., 1992) and formed in a geologically similar environment to the Franklin LIP on
Victoria Island.
The two-end members of layered intrusion formation are 1) closed system in-situ
diﬀerentiation, where a single pulse of phenocryst-free magma is instantaneously emplaced, and then diﬀerentiates largely through chemical processes (Langmuir 1989),
for example, the Skaergaard Intrusion (Hoover 1989); and 2) open system mechanical
diﬀerentiation dominated intrusions where one or more pulses of phenocryst bearing magmas are emplaced in series with the diﬀerent phenocryst assemblages being
sorted through transport and settling to form diﬀerent layers, possibly followed by
compaction and expulsion of melt from the crystal mush (Nipigon Diabase Sill, Zieg
(2014); McMurdo Dry Valleys Basement Sill, Bedard et al. (2007) and the Beacon
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Sill, Zieg and Marsh (2012)). While some sills may be close to pure end member
formation mechanisms, most sills form from a complicated mixture of both processes,
with one process or another dominating in the formation of certain layers.
Crystal settling has been long identiﬁed as an important process for concentrating
phenocrysts in certain stratigraphic layers (Gibb and Henderson, 1996; Marsh, 2006).
Fujuii (1974) modeled crystal settling by assuming spherical crystals in a Newtonian
ﬂuid. Despite the simpliﬁed nature of the model, his predictions for phenocrysts
distribution are nearly identical to the observed olivine distribution in the 0601 sill.
However, debate remains around the question of whether only phenocrysts carried
into the sill can settle in this manner, or if early crystalized phases can also separate
from the fractionation front and settle through the magma chamber.
If sill injection time is much shorter than crystallization and settling times, sill
emplacement can be considered instantaneous. If additional pulses of magma enter
the sill after part of the sill is already solidiﬁed, but the new magma is able to interact
with the un-crystalized or partially crystalized part of the sill, the new magma pulse is
considered a recharge. Recharges can be caused by injections of primitive melt, or by
injections of crystal-liquid slurries (Gorring and Naslund, 1995). A phenocryst-rich
magma pulse is considered a slurry if the solid fraction is high enough for particleparticle mechanical interactions during ﬂow to play an important role in the rheological properties of the mixture, which occurs at ∼8% crystals (Komar, 1972). Some
common slurries are cement-water mixtures, coal-water mixtures, or a bowl of delicious lentil soup. However, unlike these slurries where interactions between solid
phases is limited to mechanical interactions, in slurries like liquid-ice refrigerant systems, sucrose crystals in ice cream, and most importantly for this study, phenocryst
bearing magmas, van der Waals forces and liquid phase sintering play important roles
in creating clusters of crystals (Gilbert et al., 2017).
Despite the relative simplicity of sills, they still have complex histories leading to a
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variety of layers and rock types within a single sill. For example, the 0601 sill, despite
being only 26 m thick has olivine cumulates, with up to 58% modal olivine, augite
cumulates, with up to 55% modal augite, and augite-plagioclase dominated diabase.
With proper analysis, sills can inform us about many primary igneous processes.
This study is particularly concerned with the formation of basal olivine layers in sills,
especially discerning between olivine layers formed from slurry emplacement into an
existing sill, and those formed by crystal settling in a sill that was initially emplaced
as a single phenocryst bearing magma.
The ﬁrst part of this study utilizes drill core from the 0601 sill, a 26 m thick
maﬁc sill from Victorian Island, Canada (the geologic setting is described in the
in chapter 3 below) (Fig. 1.1). Drill core facilitates the high sampling frequency
necessary for in-depth analysis of the crystallization of the sill. This high-resolution
analysis provides the robust data set required to test the hypothesis that in-situ
magma diﬀerentiation can function eﬃciently in a small magma chamber. Petrologic,
geochemical and thermodynamic models demonstrate that the 0601 sill is the result
of initial phenocryst redistribution and in-situ diﬀerentiation of a single magma pulse,
and that neither its highly diﬀerentiated nature nor its basal olivine picrites requires
an olivine slurry.

Figure 1.1: Map showing location of Victoria Island and the Palisades sill, from
Google Earth
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The second part of this study is focused on the Palisades Sill (the geologic setting
is described in the in chapter 4 below). Once considered the classic example of
closed system fractionation, it was used as ﬁeld evidence by Bowen to support the
crystallization order he discovered in the laboratory (Bowen, 1928). However, since
then, a multitude of studies on the Palisades Sill have concluded that the olivine
horizon could not have formed through closed system processes, but instead it must
be the result of a late-injected olivine slurry (Jaeger, 1957; Hess, 1956; Walker, 1969;
Gray and Crain, 1969; Shirley, 1987; Husch, 1990; Gorring and Naslund, 1995). Other
olivine slurries have been identiﬁed as part of the Shiant Isles Main Sill (Gibb and
Henderson, 1989) and the small picritic sills in North Skye (Simkin, 1967).
Since there is strong agreement that the Palisades Sill olivine horizon was formed
from an olivine slurry, it is analyzed as a type-locality for slurry emplacement. A detailed investigation of the Palisades Sill olivine horizon, focused on understanding the
internal stratigraphy of the basal olivine layer in terms of geochemical, mineralogical
and textural variations, using high resolution sampling, provides an archetype to test
the hypothesis that the basal olivine layer of the 0601 Sill, Victoria Island Canada,
was formed from an olivine slurry, as proposed by Hayes et al. (2015), for the nearby,
and superﬁcially similar, Lower Pyramid Sill.
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Chapter 2
Methods
Seventy-one samples from a 26 m long drill core through the 0601 sill were selected for
bulk rock analysis of major and trace elements. Most of the samples were selected at
even or near even intervals to build a representative record of the whole sill. However,
in the interval from 115 – 113 meter depth, targeted sampling was used to determine
the composition of the ﬁne grained rock included in the diabase. Sample numbers were
assigned based on the measured depth in the Great Northern Mineral Exploration
Company (GNME) drill core. This study refers to samples by name (referencing their
depths) but discusses vertical variation by height in the sill, calculated by subtracting
sample depth from 128.935, the location of the lower sill contact. The chilled margin
sample was selected to avoid any parts of the underlying sedimentary sequence, and
appeared to have minimal phenocrysts in the lowest part of the sample used.
There were two sampling trips to the Palisades, during which a total of 36 samples
were taken for whole rock analysis covering 10.11 m of stratigraphic height. The lowest
sample collected was arbitrarily assigned a height of zero, and all other samples, whole
rock compositions, and thin sections are numbered with reference to height above
the sampling base in centimeters. Sampling ended where a ledge was encountered
in outcrop, since continuation of sampling would have been a signiﬁcant endeavor,
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and the presence of a ledge is a likely indicator of a lithological shift. It is unclear
exactly how these samples correlate with other Palisades Sill studies. Comparison
with Gorring and Naslund (1995) suggests there may be a second olivine layer a few
meters above the ledge. Sampling was done near the traﬃc circle above the Ross
Dock Picnic Area, latitude 40.858225 N and longitude -73.959032 W (Fig. 4.3).
Whole rock samples were typically half-ﬁst to ﬁst size and were always larger than
50 g. After all weathered surfaces were removed, samples were initially crushed to
gravel size (<5 mm) chunks and homogenized using a jaw crusher. Next, two to
three runs through a roller mill reduced the samples to a mix of powder and sand
size (<3 mm). The crushed samples were then split, and, 50 – 100 grams were put
in an aluminum oxide shatter box until only a ﬁne powder remained, typically taking
between 10 and 15 minutes. An approximately 5 g portion of sample was ﬁnally
removed and hand ﬁnished using an aluminum oxide mortar and pestle.
A 100 mg spilt of each powdered sample was mixed with 400 mg of LiBO2 ﬂux
and fused in a graphite crucible at 1050 ºC for 15 minutes. The molten samples
were immediately dropped in 50 mL of 10% HNO3 or HCl and left to completely
dissolve, usually taking about ten minutes to produce a 1:500 solution. A 2.5 mL
subsample was diluted with 25 mL of 10% acid spiked with 10 ppm Ge and 2000
ppm Li to produce 1:5500 solutions for major element analysis in the DCP-AES. One
mL of the initial sample solution was diluted with 10 mL of 5% acid to produce a
1:1000 solution for trace element analysis in the ICP-MS. The remaining initial 1:500
solution was used for trace element analysis with the DCP-AES. USGS standards
AGV-1, STM-1, GSP-1, BHVO-1, G-2, DNC-1, PCC-1, and BCR-1 were prepared in
a similar fashion, as well as four drift solutions. Trace element drift solutions included
one of blank LiBO2 and another of a trace element rich in-house standard. Major
element drift solutions included one high in Si, Al, Na and K and another high in
Mg, Fe, Ca, and Ti.
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The 1:5500 solutions were analyzed for major elements SiO2 , TiO2 , Al2 O3 , Fe2 O3 t,
MgO, CaO, Na2 O and K2 O on the DCP-AES. Additionally, the 1:500 solutions were
analyzed for K2 O, MnO, P2 O5 , Ba, Co, Cr, Cu, Ni, Sc, Sr, V, Zn and Zr using the
DCP-AES. The ICP-MS was used to measure the trace elements Sc, Rb, Y, Zr, Nb,
Cs, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, Pb, Th and
U in the 1:1000 solutions.
Billets from the 0601 sill were typically selected at 0.5 m – 1.0 m intervals depending on sample availability, except for a few billets targeting areas of interest identiﬁed
in hand sample. Billets were selected from Palisades Sill samples, 23 total, at near
even intervals, based on sample availability. Billets were sent out for preparation of
polished thin sections. Thin sections were mapped using the Petrog software and
automatic stepping stage attached to a petrographic microscope. Images were made
using the 2.5 x magniﬁcation lower-power objective. After taking photomicrographs
of the entire thin section, images were stitched together using GigaStitch.
Point counting was done on the 0601 sill thin sections using the same Petrog
software and stepping stage. For each sample, one thousand points were counted
and the long axis of crystals measured. The phases counted were olivine, plagioclase,
pyroxene (which included augite, pigeonite, and any orthopyroxene), opaques, and biotite. Patches of host rock contamination and vesicles were not counted or measured.
Opaques that were clearly the result of mineral alteration, like magnetite forming
from olivine serpentinzation, were counted as part of their parent phase.
The Palisades samples were not analyzed using traditional point counting methods. Instead, the GigaStitch images were imported into GIMP, a free but powerful
graphics program. All the olivine crystals and post-igneous minerals altered from
olivine were manually highlighted to create a digital binary map of olivine in the thin
section. Digital olivine maps were made for 19 of the thin sections, six from the diabase, eleven from the lower olivine horizon and two from the upper olivine horizon.
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Digital olivine maps were then imported into ImageJ image analysis software. ImageJ
measured every crystal and calculated the mode. In order to compare crystal sizes,
crystal lengths were calculated for the Palisades sill olivines by assuming sphericity
and calculating the crystal diameter.
MELTs modeling was done using the AlphaMELTS (Ghiorso and Sack, 1995)
front end and MELTS algorithm (Asimow and Ghiorso, 1998) with the new spinel
model. All models used isobaric fractional crystallization mode. Starting pressures
were chosen to best match the expected pressure of crystallization based on estimates
of overburden thickness and density. Fractionate water was set to on and the mass
kept in the system to stabilize calculations was set to the default of 0.001. Batch runs
were performed using a python wrapper and all MELTS outputs were parsed with
python into a format for automatic input into R for data analysis.
Stratigraphic compositional changes and intra-sample variability of mineral chemistry was determined using a JEOL 8900 electron-microprobe (EMP) at SUNYBinghamton. All probing was done using an accelerating voltage of 15kV, 1.05 *10-8
beam current and a focused beam spot. Count time was 10 s on peak and 3 s on
either side of the peak for background. Counts were converted to concentrations using
standards and the JEOL software to do the ZAF correction. Nearly 1,500 successful
mineral analyses were done for the 0601 sill and over 3,000 for the Palisades Sill.
Only analyses with totals near 100% and no unexpected element enrichments were
considered successful and used. For instance, analyses with high Al2 O3 in olivine or
high FeO in plagioclase were not used. Analyses where the rim phase is diﬀerent
than the core phase are also not included; typically these are narrow orthopyroxene
or pigeonite rims on augites. Silicate minerals were analyzed for SiO2 , CaO, FeO,
Al2 O3 , Na2 O, K2 O, MnO, Cr2 O3 , TiO2 , and sometimes NiO.
Electron microprobe analysis for thin sections 122.215, 119.655, and 119.265 from
the 0601 sill yielded systematically high values of NiO with large variation during
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initial probing. These thin sections were probed at the same time as the Palisades
Sill olivine horizon thin sections. A second round of probing the identical crystals
in these thin sections gave values consistent with the NiO in olivine trend in the
surrounding thin sections. The initial NiO values were thus discarded. The cause
of the problem is unclear. It is also unclear whether NiO in olivine values for the
Palisades sill were eﬀected by the same issue. The NiO in olivine concentrations for
the Palsiades sill are presented below, with the other NiO in olivine data, but not
discussed.
Eighteen thin sections from the 0601 sill were analyzed by EMP. Five crystals
of each major igneous phase; olivine (304 total spots), augite (561 total spots) and
plagioclase (441 spots total) were selected for analysis. Three analyses were done near
the center, to represent the crystal core and three near the edge, to represent the rim
for each crystal analyzed. Repeat analysis was necessary to avoid confusion caused
by local alterations, crystal heterogeneity, and analytical uncertainty. Chromites
(181 total spots) in the picrite and augite cumulates were probed separately for FeO,
MgO, SiO2 , CaO, Al2 O3 , TiO2 , ZnO, Cr2 O3 , and MnO. No chromite was identiﬁed
in the diabase, and no other oxide minerals were deliberately analyzed in the diabase.
Olivine analysis was diﬃcult in several samples due to high levels of serpentinzation.
Serpentine alteration is easily discriminated in the probe data because of the low totals
and low FeO. Plagioclase analysis was complicated by post-igneous hydrothermal
albitization. While some samples were clearly albitized, other analyses may represent
albitization or strong but local melt evolution.
Twenty-three thin sections from the Palisades sill were probed using the same
method of ﬁve crystals of each phase, three core and three rim analyses. In addition,
in the Palisades Sill, orthopyroxene was also probed because it is an abundant phase
in the samples. There was a total of 591 successful spot analyses for augite, 559 for
plagioclase, 508 for orthopyroxene, and 1386 for olivine.
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Because the origin of the Palisades Sill olivine horizon is the primary focus of this
study, a second round of probing was carried out just on olivine crystals. Crystal size
distributions identiﬁed at least two populations of olivine crystals, one consisting of
small crystals, area less than 0.1 mm2 , and the other large crystals, area greater than
0.2 mm2 crystals. As many large olivines (526 total spots) as possible from each thin
section were probed and ﬁve to ten small olivines (742 total spots). In total 89 large
and 172 small olivine crystals from the olivine horizon were probed. A small but
considerable portion of probed olivine crystals were between 0.1 mm2 and 0.2 mm2 ,
and are considered medium size.
Pearce Element Ratios (PER) were introduced by Pearce (1968) as a method for
using cation ratios between samples to allow for hypothesis testing using variation
diagrams. Previously, Harker diagrams, plotting SiO2 on the x-axis and diﬀerent
chemical components, typically major element oxides, on the y-axis were used to
show chemical evolution in rock suites. However, PERs overcome two major shortcomings of Harker diagrams: the need for a large range of SiO2 values and the inability
to use the slopes for hypothesis testing. PERs were used by Pearce (1970) to clarify
the whole rock data on the Palisades from Walker (1940). Because the wt% SiO2 in
the Palisades rock suite varies only from 48% - 52%, no clear trends are produced
on a Harker diagram. Additionally, Pearce was able to test many of the previous
Palisades formation hypotheses, for instance the role of mixing arkose sandstone with
diabasic magma and concluded that these hypotheses were not capable of explaining
the observed variation.
The usage of PER for hypothesis testing has since been expanded by Russell and
Nichols (1988), Russell et al. (1990), and De Waal (1996). Modern PER analysis
typically plots a combination of cations derived from the stoichiometric relationships
of the phase or phases being tested, divided by an incompatible element on the y-axis
vs. another cation derived from the stoichiometry of the same phase or phases, di-
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Table 2.1: Slopes of common PER plots.
Y
mOl Augite OPX

0.5*(Fe+Mg)
Si
1
2*Na+Al
Si
0
2*Ca+Na-Al
Si
0
0.5*(Fe+Mg)+2*Ca+3*Na Si
1
2*Ca+3*Na
Si
0
0.5*(Fe+Mg)+1.5*Ca
Si
1
Al+Fe+Mg-2*Ca-Na
Si
2
2*Ca + Na
Al
none
2*Na
Al
Mg
Mg+Fe

0.25
0
1
1.25
1
1
-0.2
inf

0.5
0
0
0.5
0
0.5
1
none

Pl

Other

0
1
0
1
1
<0.75
0
1
An#
Mg#

vided by the same incompatible element on the x-axis. The slope typically represents
the addition or removal of a phase or group of phases, but may also represent the
composition of a phase or phases being added or removed.
While PER can be used for testing a hypothesis, results are non-unique and thus
are typically used to negate an impossible hypothesis, rather than to positively conﬁrm a hypothesis. Some quantitative data can be obtained from PER plots such as
fractionating phase Mg# or An#, quantity of a single phase mixed, or ratios between
phases. Table 2.1 provides common PER axes and slope interpretations.
Parent-daughter modeling uses least squares optimization to ﬁnd the mixture of
phases that best replicates the chemical composition of a target sample (Naslund et
al., 1995). When modeling magma chamber crystallization, one phase is typically
the chilled margin composition, used to represent the crystal free parent liquid. The
other phases in the model are the minerals thought to fractionate or accumulate
during crystallization. P-D modeling works best when there is a maximum diﬀerence
between the phases and the parent liquid composition. For silicate phases, the model
typically has a resolution of ±2 wt%. P-D modeling needs to use a ﬁnite number of
discrete compositions to represent each phase throughout the crystallization process.
For cases of limited in-situ diﬀerentiation, like the Palisades Sill olivine horizon and
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0601 sill, a single composition can be adequately used to represent each phase; a larger
system like the Bushveld may require multiple compositions for the solid solution
phases. Using a constant composition greatly simpliﬁes the model calculations, but
can introduce other complications, the speciﬁcs of this are discussed in detail for each
case (P-D modeling 0601, and P-D modeling Palisades).
P-D modeling works by mixing diﬀerent combinations of the parent liquid and
mineral phases until a mixture that most closely resembles the target composition is
found (Herrmann and Berry, 2002). Closeness of ﬁt is measured in chemical space, by
summing the square of the diﬀerence of each component in the modeled rock from the
target sample. The model is a purely mathematical mixing model and thus takes no
petrology into consideration. Adding exotic phases or compositions can easily improve
the model ﬁt, thus it is the petrologist’s responsibility to determine the phases and
compositions that are actually responsible for the observed compositional variations.
P-D modeling for this study was done in R, using a simple brute force algorithm
that creates mixtures of 2, 3, 4, or 5 phases, typically parent liquid plus olivine, augite,
and plagioclase, but experiments were also done using orthopyroxene, pigeonite, and
magnetite. It calculates the composition of every possible combination in a user set
conﬁned range in 0.5% increments, and compares each combination with the target
composition by ﬁnding the diﬀerence of each component, squaring that value to negate
direction, and summing them. The combination with the lowest sum of squares is
then selected. Although this model takes longer to do each calculation than using
Excel’s Solver, it is more eﬃcient for batch calculations. Although the model run
time is longer with this method, close to two hours for the 0601 sill, the model can
easily be run repeatedly with varying phases and compositions.
Since the model is just a simple sum of squares model, it tries to recreate every
target rock composition exactly, with no consideration of the surrounding samples or
petrological knowledge. In many ways, the model results are an over-ﬁt, since the
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model attempts to individually match every data point. It is the petrologist’s job to
interpret the model based on the general trend, not the precision of individual sample
ﬁts. While the 0.5% model step size provides less resolution than other methods, like
using Excel’s Solver (Herrmann and Berry, 2002), the P-D model algorithm used here
still has the same strong explanative power when applied to the whole system.
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Chapter 3
The 0601 Sill
3.1
3.1.1

Introduction
Regional Geology

Victoria Island is found in the Canadian Arctic Archipelago (Fig. 3.1). The bedrock
on the island is primarily Precambrian igneous and sedimentary rocks and overlying
Paleozoic Sediments. Our project area is in the Holman Island Syncline, part of an
uplifted block that makes up the Minto Inlier. Victoria Island was covered by the
Pleistocene glaciations until recently.

Figure 3.1: Geologic Map of Victoria Island from Bédard et al., 2012
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The Shaler Group is a sequence, approximately 5000 m thick, comprised mostly of
shallow marine sedimentary rocks (Fig. 3.2). Seven formations compose the group,
from oldest to youngest: Glenelg, Reynolds Point, Minto Inlet, Wynniatt, Kilian,
Kuujja and Natkusiak (Rainbird, 1992; Rainbird et al., 1996; Thorsteinsson and
Tozzer, 1962). Previously, the Natkusiak Formation ﬂood basalts were not considered
a part of the Shaler Group but since in some areas it conformably overlies the Kuujja
formation, it is now considered a part of the group (Rainbird et al., 1996). The Shaler
group formations are slightly folded and dip about 5° to 10°.

Figure 3.2: Stratigraphy of Shaler Supergroup from Williamson et al., 2013
The Shaler Supergroup lies above older sedimentary rocks of the Goulburn Supergroup and granodiorite, probably from the late Archean. Shaler group sediments
were likely deposited in an intercontinental sea that was part of the Amundsen Basin
within the Rodinia supercontinent. It is possible that the conjugate to the Amundsen
Basin is preserved in southern and central Australia (Rainbird, 1993; Dostal et al.,
1986; Bédard et al., 2012).
The sedimentary rocks of the Shaler Group are mainly carbonates, sandstones,
shales and gypsum. The igneous rocks are intrusive and extrusive remains of the
outpouring of tholeiitic magma during the Franklin igneous event during the breakup
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of Rodinia. Rocks from the Franklin Igneous event are found in the Brock Inlier,
Banks and Baﬃn Islands, and Western Greenland, as well as Victoria Island (Shellnutt
et al., 2004). The extrusive rocks are mostly basalt ﬂows and volcaniclastics with a
maximum exposed thickness of about 1100 m. The intrusive rocks are diabasic dikes
and sills that formed the underground plumbing system for the extrusive basalts
(Rainbird, 1993; Bédard et al., 2012; Williamson et al., 2013). Most of the basalt
ﬂows were sub-aerially erupted and range in thickness from a few meters to 70 m thick
with amygdaloidal tops (Dostal et al., 1986). The basalts contain fresh or slightly
altered plagioclase and pyroxene with smectite or chlorite, replacement of olivine, and
fresh titanomagnetite. The petrography and geochemistry of the basalts reveals two
distinct eruptive cycles (Dostal et al., 1986).
U-Pb baddeleyite/zircon ages performed on dikes and sills from the Franklin Igneous Event indicate that most of the igneous activity occurred at 723 +4/-2 Ma.
The youngest age was the stratigraphically lowest sill sampled which gave an age of
718 Ma, indicating that igneous activity lasted for at least 5 Myr. The short duration
and large volume magmatism is characteristic of a mantle plume generated hotspot
(Heaman et al., 1992).

3.1.2

Previous Work

Unlike the long and illustrious history of studies focused on the Palisades Sill, this
is the ﬁrst study to examine the 0601 sill on Victoria Island. Although this is the
ﬁrst study of the 0601 sill, there are at least 13 diabase sills in the Holman Island
Syncline (Heaman et al., 1992) and a multitude of associated dikes. Many of these are
being studied for the ﬁrst time as part of the Canadian Geological Survey’s project
on the island, focused in part on ﬁnding economically viable deposits of Ni-Cu-PGEs
deposits. Other sills and dikes from the Franklin Igneous Province in other locations
have also been studied.
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In 2004, Shellnut et al. published a study on the Coronation sills near Coronation
Gulf in Nunavut. They found sills typically 20 – 100 m thick exposed for 100s of km
and focused on two sills, one 70 and the other 25 m thick, 50 km apart. The sills are
largely composed of plagioclase and clinopyroxene with, Fe-Ti oxides and olivine, and
accessory apatite, amphibole, chalcopyrite, biotite, and orthopyroxene. The sills have
glassy chilled margins with less than 10% phenocrysts. The dominant textures are
medium grained ophitic to sub-ophiitic, with grain size increasing inwards. Olivine is
present in all of the samples except at the chilled margins and reaches maxima of 4-6
modal percent above the base of the sills. Olivine composition ranges from Fo60 to
Fo39 . Plagioclase is the dominant phase in the sills and occurs as cumulate euhedral
laths and interstitial anhedral grains (Shellnut, 2004).
On the basis of a PER (Russell and Nicholls, 1998) plot of ((0.5Fe + Mg) +
1.5Ca + 2.75Na + 0.25Al) /Ti vs Si/Ti, it can be shown that all of the chemical
diﬀerentiation in the sill can be explained by fractionation/accumulation of olivine,
clinopyroxene and plagioclase. The sills have weak S-proﬁles in MgO vs. height which
can be interpreted as the result of olivine concentration in the middle of the incoming
magma through ﬂow diﬀerentiation, followed by early fractionation of olivine, and
some plagioclase (Shellnut, 2004).
The ﬁrst study published on a Franklin LIP sill on Victoria Island was Hayes et
al. 2015. They studied the Lower Pyramid Sill (LPS), a 21 m thick sill similar in
size to the 0601 sill (26 m thick). Like the 0601 sill, the LPS has a basal olivine
cumulate layer called the olivine zone, analogous to the picrites in the 0601 sill, ∼
7 m thick, overlain by a thin ∼ 1 m thick clinopyroxene layer and 10 meters of subophitic diabase, with relatively thick sequences of aphanitic lower and upper chilled
margins. The sill formed from a Type-1 magma (Bédard et al., 2012) at a depth of
around 3 km, based on estimates of local stratigraphy.
The lower chilled margin of the LPS contains <5% olivine phenocrysts in a ﬁne-
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grained groundmass. One meter above the lower chilled margin, modal olivine increases to 40% and the groundmass changes from dendritic in the underlying layer to
medium-grained poikilitic in the olivine zone. The olivine zone is dominated by four
olivine textures, 1) euhedral olivines, 0.5 – 2 mm, 2) euhedral olivine chadacrysts in
augite oikocrysts, 0.2 – 0.5 mm, 3) groundmass olivines, 0.2 – 0.5 mm, and 4) skeletal
hopper olivines, 0.2 – 2 mm, enclosing clinopyroxene and plagioclase.
Clinopyroxene is found throughout the olivine zone in the LPS. Lower in the
zone, clinopyroxene is euhedral to subhedral, 1-2 mm in grain size, and commonly
contains olivine chadacrysts. Above this, clinopyroxene transitions to a subhedral to
anhedral texture and is commonly intergrown with olivine. The top of the olivine
zone contains euhedral cumulus clinopyroxene. Clinopyroxene occurs as an interstitial
phase throughout the olivine zone. Plagioclase in the olivine zone is interstitial in
relation to olivine, but in places it is intergrown with interstitial clinopyroxene.
The clinopyroxene zone in the LPS is a 1 m thick layer above the olivine zone,
likely analogous to the augite cumulate layer in the 0601 sill. It contains 30-40%
euhedral cumulus clinopyroxene, often sector zoned, and is marked by a rapid drop
to 5% modal olivine. The clinopyroxene zone also contains interstitial clinopyroxene
and plagioclase.
The dolerite zone is the olivine-free upper part of the LPS analogous to the diabase
in the 0601 sill. The dolerite zone contains increased modal augite, c. 40%, and
modal plagioclase c. 40%. Plagioclase in the dolerite zone is coarser, 2 – 3 mm, and
typically lath shaped, as opposed to the subhedral-anhedral textures of the olivine
and clinopyroxene zones. Clinopyroxene and plagioclase are commonly intergrown
in the doleritze zone. Additionally, some clinopyroxene and low-Ca pigeonite occur
as cumulus crystals. Interstitial phases include magnetite, ilmenite, and sulphides as
well as accessory amphibole and biotite. The upper dolerite zone contains 5 – 10 mm
long bladed clinopyroxene crystals.
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Above the dolerite zone, there is an upper border zone, analogous to the roof
sequence diabase in the 0601 sill, and an upper chilled margin. The upper border
zone contains ﬁne-grained dendritic plagioclase and clinopyroxene with some coarser,
1 – 2 mm, subhedral to anhedral clinopyroxenes. The upper chilled margin contains
completely altered olivine phenocrysts in a groundmass of ﬁne-grained plagioclase
and augite dendrites. Amygdales approximately 2 mm in size, contain biotite and
chlorite, and make up less than 5% of the zone.
Concerning mineral chemistry, olivine in the lower chilled margin has cores of Fo87 ,
NiO 0.32 wt%, and rims of Fo82 , NiO 0.28 wt%. Some olivine phenocrysts show weak
reverse zoning core to rim, with 0.3 – 0.4 mol% increase in Fo content. In the lower
border zone, average olivine cores are Fo85 , NiO 0.29 wt% and rims Fo75 , 0.2 wt%
NiO. Again, weak, <1 mol% reverse zoning from core to rim, is observed. Olivine
phenocrysts in the lower olivine zone range from Fo88 to Fo82 , NiO from 0.4 – 0.25
wt%. Other olivine cores range from Fo81 , NiO 0.2 wt% to Fo83 , NiO 0.25 wt%. Rims
are more evolved. Olivine composition is dependent on the identity of surrounding
phases. Olivine in the lower olivine zone is typically normally zoned except a single
reversely zoned crystal that goes from Fo82 , 0.2 wt% NiO in its core to Fo83 , NiO 0.24
wt% in the rim.
In the middle and upper olivine zones, olivine chadacrysts have a limited compositional range, Fo83-81 while the average groundmass olivines are Fo80 . Groundmass
and hopper olivines have subtle reverse zoning of 1 mol%. Hopper olivines in the
upper olivine horizon have cores as low as Fo73 and can be reversely zoned with rims
between Fo80 and Fo77 . An olivine phenocryst in the upper olivine zone is reverse
zoned (ﬁgure 10 to discuss) with an increase in Fo from 77 in the core to 80 in the
rim, and a corresponding NiO increase of 0.16 to 0.23 wt%. Groundmass olivine is
reverse zoned with cores of Fo77 and rims Fo78–80 . Groundmass cores and rims are
both typically less than 0.22 wt% NiO.
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Like the 0601 sill, chromite micro-phenocryst composition is strongly controlled
by location within individual crystals as well as the minerals it is associated with,
with little systematic vertical variation.
Similar to the 0601 sill, ground mass clinopyroxene in the lower border zone has a
lower Mg# than the clinopyroxene in the olivine zone. Hayes et al. (2015) calculate
Mg# as 100 * Mg/(Mg + Fe2+ + Mn), when detailing their observations the same
convention is followed here. Lower border zone clinopyroxene is typically normally
zoned but is occasionally reverse zoned, with Mg# increases of up to 3. Clinopyroxene
in the olivine zone has little stratigraphic variation with core Mg# typically between
86 – 83 and Cr2 O3 of 0.8 wt%. Crystal cores and mantles are generally homogenous
with thin FeO enriched rims. In the clinopyroxene zone, cumulus clinopyroxene are
often sector zoned and have cores of the same composition as olivine zone clinopyroxenes, while the rims can be far more Fe-rich. These clinopyroxenes are normally
zoned in Cr2 O3 which decrease from 0.6 wt% in the cores to 0.2 wt% in the rims.
Clinopyroxene core compositions increase in Mg# slightly upwards from the clinopyroxene zone to the diabase. In the clinopyroxene zone, typical clinopyroxenes have
cores of Mg# 80 and reversely zoned mantles of Mg# 83. All of the clinopyroxene
zone clinopyroxenes have large strongly evolved rims. Some of the clinopyroxene in
the dolerite zone is reversely zoned core to rim, going from Mg# 84 to Mg# 85,
but, more typically is strongly normally zoned from mantle or core to rim, Mg#
63. Clinopyroxene reaches peak Fe-enrichment in a sandwich horizon just below the
upper border zone.
Groundmass plagioclase in the lower chilled margin has an average An# of 64. In
the lower border zone, the coarser plagioclase An content increases to 71. Throughout
the olivine zone, plagioclase core composition ranges from An73-68 and is typically
normally zoned, although rare reversely zoned crystals are present. Plagioclase cores
in the clinopyroxene zone are typically An72–70 with strongly evolved rims. Rare
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euhedral cumulus plagioclase in the clinopyroxene zone has cores and mantles up to
An76 . In the dolerite zone, plagioclase cores and mantles are typically An# 70 – 60
with strongly evolved rims, up to An45 . Rare plagioclases in the dolerite zone have
primitive compositions An77-76 . Other plagioclases in the dolerite zone have cores
surrounded by more primitive mantles. Minimum An# is found in the same samples
as minimum clinopyroxene Mg#.
Based on these observations, Hayes et al. (2015) propose that the Lower Pyramid
Sill formed from a three-stage process. Stage one is the emplacement of a 5% modal
olivine-phyric magma followed by inward moving fractional crystallization. The second stage is the arrival of an olivine slurry that under-plates the existing magma
chamber and hybridizes with the lower part of the magma chamber. The third stage
is the crystallization of the new hybrid melt and expulsion of some residual liquid
from the olivine zone which mixes and reacts with the overlying diabase forming the
sector zoned clinopyroxenes in the clinopyroxene zone. The LPS observations and interpretations and the olivine slurry model are discussed in detail in a separate section
below.
Hayes et al. (2015b) analyzed the eﬀects of dolostone assimilation in the plumbing
system of the Franklin LIP sills on Victoria Island. They presented Pb and S isotope
data from three sills, or possibly cross sections from the same sill outcropping over a
total distance of 50 km. Their analysis shows that near the feeder dike there is the
least dolostone assimilation, while further from the feeder dike dolostone assimilation
is increased. Additionally, using S-isotopes, they show that the diabase generally
shows more dolostone assimilation than the underlying cumulates.
Bédard et al. (2012) investigated the magma feeder system on Victoria Island, a
study with important implications for the formation of the 0601 sill. They propose
a model where lower sills are experiencing in-situ diﬀerentiation forming cumulate
layers deeper in the Victoria Island magmatic plumbing system. When these lower
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sills are refreshed with new inputs of magma, pressure in the sill increases, leading to
the expulsion of a phenocryst-rich magma. These phenocryst magmas rise through
the plumbing system before reaching a level of lower resistance, leading to lateral
spreading of the phenocryst bearing magma. Bédard et al. (2012) provides important
support for the model presented here for the 0601 sill. They suggest that phenocrystrich magmas, similar to the parent magma of the 0601 sill, were transported and
emplaced on Victoria Island.

3.1.3

Introduction to 0601 Sill

The 0601 sill can be subdivided into ﬁve rock types based on composition, mineralogy,
and hand sample texture. The upper and lower margins of the sill, samples 128.93
and 103.02, are the chilled margins. In hand sample they are very ﬁne grained-glassy
basalt with sparse phenocrysts. The lower chilled margin is overlain by a ten meter
thick olivine cumulate zone. Above the olivine cumulates is a one to two meter thick
layer of augite cumulates. The augite cumulates are overlain by 14 meters of diabase
(Figs. 3.3 and 3.4). Within the diabase zone, there is a three meter thick section of
rock, called here the contaminant zone, where signiﬁcant xenolith contamination can
be seen in hand sample (Fig. 3.10) and in whole rock composition (Figs. 3.5 and
3.6).
The lower chilled margin (see for example Huppert and Sparks, 1989) is black,
aphanitic, and rapidly grades into a matrix of ﬁne crystals over a 2 cm interval
and contains completely altered olivine and possibly augite micro-phenocrysts, less
than 0.5 mm in length. The upper chilled margin contains completely altered phenocrysts, generally large and slightly more abundant than the lower chilled margin, in
a ﬁne-grained groundmass of identiﬁable, but heavily altered augite and plagioclase.
Vesicles ﬁlled with calcite, quartz, biotite, chlorite and opaque minerals are common
in the upper chilled margin as well. The lower chilled margin is interpreted as largely
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Figure 3.3: Whole rock major element analyses (wt%) from the 0601 sill plotted by
height (m) showing the upper and lower chilled margins (magenta asterisks) olivinerich picrites (green triangles), augite cumulates (red circles), diabase (blue squares)
and sandwich horizon (golden X’s)
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Figure 3.4: Whole rock trace element analyses (ppm) from the 0601 sill plotted by
height (m). (Symbols as in Fig. 3.3)
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representing the liquid composition of the incoming magma, with slight olivine and
possibly augite enrichment.
The chilled margin rapidly grades into a ten meter thick layer dominated by olivine
accumulation. Modal olivine in the thin sections increases from near zero in the chilled
margin to a maximum of 57.6% at 9.655 m height, the top of the olivine cumulate
layer. Average olivine length increases from 0.36 mm just above the chilled margin
to a maximum of 1.23 mm at 9.275 m height. Augite and plagioclase also coarsen
upwards reaching a maximum size at the same height as olivine. The elements MgO,
Fe2 O3 t, MnO, Ni, Co, Cr, and Zn follow a general upward enrichment trend through
the olivine layer reaching a maximum near nine meters above the chilled margin.
Whole rock Mg# increases from 60.9 in the chilled margin to a maximum of 78.9 at
the level where the maximum abundance occurs (∼ 9 m). The major elements Al2 O3 ,
P2 O5 , CaO, SiO2 , and TiO2 as well as the olivine incompatible trace elements Ba,
Ce, Cs, Cu, Dy, Er, Eu, Gd, Hf, Ho, K, La, Lu, Na, Nb, Nd, Pr, Rb, Sm, Sr, Ta, Tb,
Th, U, V, Y, Yb, and Zr follow an upward depletion trend, mirroring the enrichment
trend of the olivine-compatible elements.
At the top of the olivine cumulate layer, the rock rapidly transitions from an olivine
cumulate to an augite cumulate as the olivine mode decreases from its maximum of
57.6% at 9.665 m in the olivine cumulate layer to 31.2% at 10.475 m and then 4.7%
at 11.155 m in the augite cumulate layer. The augite mode, which varies between
21.1% and 32.7% in the olivine cumulates abruptly increases to 36.6% at 10.475 m
and then 54.9% at 11.155 m height. Based on whole rock compositions and thin
section examination, the augite cumulate layer is between a minimum of 0.775 and
maximum of 2.13 meters thick, but likely has an intermediate thickness. Elements
more compatible in augite than olivine, CaO, Al2 O3 , SiO2 and Sc abruptly increase
upwards at the base of the augite cumulate layer. MgO abruptly decreases and whole
rock Mg# goes from 76.1 at the top of the olivine zone to 74.8 at the base of the
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augite cumulates and then 70.7 at the top of the zone. Trace elements incompatible
in both olivine and augite increase slightly in accordance with the gradual decrease
in total cumulus crystals and increase in magma.
The diabase mineralogy is dominated by augite and plagioclase feldspar and no
olivine is present. The augite mode generally declines with height from a maximum of
43.5% at the base of the diabase to a minimum of 29.9% 1.5 meters below the upper
chilled margin. Modal plagioclase generally increases with height from a minimum
51.6% at the base to a maximum of 62.8% 1.5 meters below the upper chilled margin.
Accessory biotite making up less than 1% of the mode is found throughout the diabase.
Opaques, typically magnetite and ilmenite are found as accessory minerals throughout
the diabase. Near the sandwich horizon at 19.895 – 20.865 meters height, modal
opaques reach a maximum of 8.2%, due to large skeletal Fe-Ti-oxides, discussed in
more detail below.
The diabase, overlying the augite cumulates and capped by the upper chilled
margin at the top of the sill is the thickest part of the sill (14 meters). The major
elements Al2 O3 , CaO, MgO, P2 O5 , K2 O, and SiO2 and the trace elements Ce, Co,
Cr, Cs, Cu, Dy, Er, Eu, Hf, Ho, Lu, Ni, P, Sc, Ta, Th, Tm, U, V, Zn and Zr are
approximately constant throughout the diabase. Fe2 O3 t, MnO and TiO2 have a weak
enrichment trend reaching a maximum at the sandwich horizon between 18 and 18.5
meters height. Despite being relatively constant through the diabase, Ce, Dy, Er,
Eu, Fe, Gd, La, Lu, Nb, Nd, Sm, Sr, Tb, Tm, Y, and Yb all show some enrichment
in the sandwich horizon samples. CaO, Cr, Cs, and Pr show minor depletion at the
sandwich horizon. K2 O, Na2 O, Nb, Rb, and Ba are enriched in the top meters of the
sill, where there are vesicles ﬁlled with calcite, quartz, biotite, chlorite and opaque
minerals.
Within the diabase, there are two areas where the observed composition is signiﬁcantly diﬀerent than the expected and generally observed tholeiitic diﬀerentiation
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trend. The lower and thicker area is from 10.38 m to 11.15 m above the chilled margin (Figs. 3.5 and 3.6). Neighboring samples often show large positive or negative
spikes in Al2 O3 , Ba, CaO, Ce, Co, Cs, Cu, Dy, Er, Eu, Fe2 O3 t, Gd, Hf, Ho, K2 O,
La, Lu, Mn, Na2 O, Nb, Nd, P2 O5 , Pr, Rb, Sc, SiO2 , Sm, Sr, Ta, Tb, Th, TiO2 ,
Tm, U, V, Y, Yb, Zn, and Zr. These elements are often found in far greater or far
lower concentrations than anywhere else in the sill. Further, hand samples in this
section show ﬁne grained and coarse-grained rock together. From thin sections, it
is clear that the coarse grained rock is the sill diabase, identiﬁable only by pseudomorphs due to complete alteration of the original mineralogy. The ﬁne-grained rock
is mostly quartz, biotite and opaques with calcite veins. Large sulphides, 10 – 20 mm
in length, as well as abundant smaller sulphides, can be observed in hand sample near
the contacts between coarse and ﬁne-grained rock. These rocks are interpreted to be
the result of host rock sandstone contamination, speciﬁcally based on the high SiO2
and Zr, and thus they are not included in the petrological and geochemical modeling.
Based on the thickness of the zone and the prevalence of host rock contamination
at a similar height in many of the Victoria Island Sills (Bédard et al., 2011; Steigerwaldt et al., 2013), it is likely that this zone is generally continuous throughout the
sill and not just a local phenomenon. The contamination zone lies just above the
olivine and augite cumulate zones, as if xenoliths in the magma settled slower than
the olivine and augite phenocrysts, and came to rest on top of the olivine and augite
accumulation zones. A sample at 19.3 m height also shows a sudden jump in most
element concentrations; however, it is minor compared to the other contaminated
rocks. Due to the sudden jump in CaO and MgO, this rock is interpreted to be the
result of a small amount of limestone or dolostone assimilation in the magma. Unlike
the lower contamination, the 19.3 m height sample likely represents a limited, local,
contamination event.

28

Figure 3.5: Whole rock major element analyses (wt%) (Symbols as in Fig. 3.3) with
host rock contaminated samples (inverted brown triangles) plotted by height (m)
shows that the contaminated rocks typically plot separate from the diabase trend.
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Figure 3.6: Whole rock trace element analyses (ppm) with host rock contaminated
samples plotted by height (m) shows that the contaminated rocks typically plot separate from the diabase trend. (Symbols as in Fig. 3.5)
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3.2
3.2.1

The Sill
Petrography

All available thin sections were analyzed under the petrographic microscope. Phases
present, crystal forms, and textural relations were noted in order to constrain the
formation of the 0601 sill. Additionally, 1000 points from 19 thin sections were
identiﬁed and measured using the Petrog stepping stage and software. Point counting
results are discussed below, and summarized in the accompanying plots.
The basal contact, sample 128.935 (Fig. 3.7), between the base of the sill and
underlying sedimentary rocks is marked by a continuous layer, generally ∼ 0.5 mm
thick, of vertically oriented amphibole needles, typically 0.2 mm long by 0.02 mm
wide. Some micro-phenocrysts are partially or fully surrounded by the amphibole
needles and have similar reaction rims. The presence of phenocrysts in the amphibole
needles may indicate an igneous origin for the layer, followed by a later, local reaction
between the chilled margin and adjacent host rock.

Figure 3.7: Handsample of the 0601 sill lower chilled margin, up is to the right.
The chilled margin consists of micro-phenocrysts of olivine and possibly augite
in an aphanitic ground mass. Olivine micro-phenocrysts are euhedral and altered
to serpentine plus opaques. There is a signiﬁcant change in the grain size of the
groundmass from the bottom to the top of the thin section, a distance of ∼ 1.5 cm.
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At the base is a 2 mm thick layer of glassy indistinguishable groundmass with olivine
and possibly augite micro-phenocrysts, 0.2 - 0.4 mm long. At a height of 2 mm,
small crystals, likely altered plagioclase become distinguishable in the groundmass.
These crystals appear as single dots to elongate needles and are less than 0.02 mm
in length. These white crystals slowly coarsen upwards within the thin section. The
micro-phenocrysts also coarsen upwards, reaching sizes of up to 1.5 mm by the top
of the thin section.

Olivine Cumulate Layer
Within less than a meter of the chilled margin, in sample 128.125, a porphyritic
texture develops with well-developed subhedral-euhedral olivine phenocrysts, typically 1.5 – 2 mm long in a ﬁne-grained groundmass of olivine, augite and plagioclase.
Some plagioclase occurs as splays of elongate needle-like crystals, indicating that plagioclase was oversaturated relative to nucleation in the sample. This supports the
parent-daughter model prediction that plagioclase was not a phenocryst phase in
the incoming magma, since plagioclase phenocrysts would have provided nucleation
sites for new plagioclase growth. Sample 127.125 is similar to 128.125, but contains
rare subhedral-euhedral augite phenocrysts, up to 1.25 mm in diameter, likely the
result of accumulation of initial phenocrysts that settled through the magma after
emplacement.
Above sample 127.125, the texture continues to coarsen upwards, with both
ground mass phases and olivine coarsening until thin section 126.165. In this thin
section, 2.77 meters above the base of the sill, the bimodal olivine size distribution
transitions to a nearly uni-modal distribution (Fig. 3.8). Average olivine, augite,
and plagioclase crystal length is near 0.6 mm. The largest olivines are a little over 2
mm long in this sample. In addition, some of the olivine in this sample appears as
chadacrysts in augite, and more rarely plagioclase oikocrysts.
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Figure 3.8: A frequency plot of olivine sizes in the bottom two meters of the sill shows
that the slightly bimodal size distribution grades into a single size population during
this early interval.
Sample 123.905, 5.03 meters above the chilled margin, is similar to the previous
samples, with a continuation of up-section coarsening and an increased frequency of
olivine chadacrysts in augite oikocrysts. A few well formed, nearly euhedral olivines
over 2 mm long are also present. Almost all the olivines have well developed crystal
faces.
Sample 122.215, 6.72 meters above the base, contains a large sulﬁde (∼ 2.5 mm
diameter) bordering a calcite xenolith and a small veinlette running through the thin
section, <0.2 mm wide, indicating xenolith contamination and late stage volatile exchange in the thin section. Xenolith contamination is generally rare but present in a
few places within the olivine cumulates, but like the diabase, where xenolith contamination is more common, it occurs in conjunction with sulﬁdes. The uncontaminated
portion of the thin section shows interstitial augite, up to 4 mm long often containing
abundant olivine chadacrysts. The largest nearly euhedral olivines found in sample
123.905 are completely serpentinized.
Samples 120.655, 119.655, and 119.265, from 8.28 – 9.67 m above the base are
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dominated by heavily serpentinized olivine, often longer than 1 mm. Olivine can
occur as chadacrysts, up to 1 mm long, in large interstitial augites (up to 4 mm).
Plagioclase is almost completely absent from the thin sections, with modal plagioclase
less than 10% in 119.266 and 120.655, and less than 20% in 119.655. Almost all
the olivines have well formed crystal faces, and many are euhedral. Some olivines
may contain melt inclusions, but heavy serpentinzation makes identiﬁcation diﬃcult.
These are the most olivine rich rocks of the sill with modal olivine increasing from
52% in 119.655 to 58% in 119.265. There is a distinct coarsening of olivine sizes from
120.655 to 119.655 as average olivine length reaches its maximum average size in the
sill of 1.2 mm in sample 119.655.

Figure 3.9: Stratigraphic variation of modal silicates shows the basal olivine layer is
dominated by up to 58% modal olivine (green), while the augite cumulate layer is
dominated by abundant augite (red), and the diabase is a mix of plagioclase (blue) and
augite. Symbols correspond to sill layers, triangles-picrites, circles-augite cumulates,
squares-diabase, X’s-sandwich horizon. Black horizontal lines are error bars.
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Plagioclase is present throughout the olivine horizon as an interstitial phase, but
after being a substantial part of the groundmass at the base, becomes increasingly
rare by the top of the olivine horizon, steadily decreasing from modal ∼ 43% at
0.81 m height to under 10-20% at the top of the olivine horizon at 9.28 m height.
Modal augite is approximately constant through the same interval, typically between
20-30%. Some of this augite is subhedral-euhedral and likely formed as a cumulus
phase. Larger anhedral augites may be interstitial overgrowths on cores of cumulus
augite. On the other hand, modal olivine steadily increases from 19% at the base to
a maximum of 58% at the top of the olivine horizon.

Augite Cumulate Layer
Sample 118.455 is the ﬁrst sample of the augite cumulates at a height of 10.48 meters
above the chilled margin. From the olivine cumulates to the augite cumulates, the
augite mode jumps from 27% in sample 119.265, the top of the olivine horizon, to
37% in sample 118.455 and then 55% in sample 117.775. This is a modal increase
in augite of 28% in less than a 1.5 m interval. During the same interval, modal
olivine decreases from 58% to 5% and modal plagioclase increases from 9% to 38%.
In addition to decreasing in abundance, olivines in this section decrease in size from
the large 1 – 2 mm olivines of the upper olivine horizon to 0.75 – 1 mm in 118.445
and then 0.5 - 0.75 mm in 117.775. A ﬁning upward trend in olivine size is expected
above the layer of maximum modal olivine because the uppermost olivines would
be the small olivines that settled the slowest or the last olivines to grow as olivine
saturation ended in the magma.
Thin sections 118.445 and 117.775 record the end of olivine crystallization and
show a brief period during which augite was the dominant liquidus phase. Many
olivine crystals have well formed faces and are close to euhedral. Some olivines enclose small plagioclase or augite crystals indicating that there was likely a short period
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where olivine, augite and plagioclase were all liquidus phases. The rock has an intergranular texture and most olivine, augite and plagioclase crystals are ∼ 1 mm in
diameter. Augites are also commonly euhedral and many contain sector zoning. Some
of the olivines may contain melt inclusions. While the sector zoning in the augites
(Nakamura, 1973; Dowty, 1976) implies rapid crystallization, it is clear from the common 120°-120°-120° triple junctions between crystals (Holness et al., 2005, 2012) and
the similar grain sizes, that the whole rock represents an equilibrium assemblage typical of slower cooling. Olivine, augite and plagioclase crystals are slightly ﬁner than in
the underlying olivine cumulates, which is expected since plagioclase has been added
to the liquidus assemblage and is now competing for space to grow with olivine and
augite.
Some plagioclase crystals in the augite cumulate layer occur as well formed laths,
while others are anhedral, suggesting that plagioclase is a cumulate phase as well
as an interstitial phase in the sample. Thin section 118.445 records a period of
large and rapid change in the evolution of the 0601 magma. In a short period of
time, olivine went from the sole liquidus phase, to co-saturated with augite, and is
then joined by plagioclase before olivine disappears from the crystalizing assemblage
leaving augite and plagioclase to co-precipitate throughout the diabase. Thus, the
rapid crystallization recorded in crystal morphology is likely due to rapid changes in
magma composition, not rapid cooling. Sample 118.445 is also the ﬁrst thin section
in which pigeonite was identiﬁed. It occurs as small tabular crystals, 0.5 – 1.0 mm in
length. Pigeonite is grouped with augite in the point counting.
Thin section 117.775, contains the last olivine and chromite in the sill. Olivine is
rare, modal 5%, typically has well formed faces and is nearly euhedral. Olivine grains
are typically small 0.5 – 1 mm in length. Rare chromite phenocrysts are found as
inclusions in olivine and augite. The presence of chromite micro-phenocrysts implies
a shared origin of the olivine cumulate and augite cumulate layers.
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Diabase
Thin sections 116.755, 115.985, and 115.175, representing the interval from 12.18 to
13.76 m above the chilled margin, are augite-plagioclase cumulates with interstitial
augite, pigeonite and plagioclase. These rocks are largely similar to the underlying
augite cumulate layer except they lack olivine and chromite, and the augites are more
typically normally zoned as opposed to sector zoned. Additionally, the total amount
of cumulus minerals has decreased, and interstitial crystallization increased. From the
augite cumulate layer to the lower diabase, the texture transitions from intergranular
to sub-ophitic, consistent with the decreasing crystallization rate expected towards
the sill’s thermal interior.
From 15.59 m to 14.56 m above the chilled margin, the samples contain abundant
xenoliths. Coarse-grained diabase mixed with a ﬁne-grained xenolith can be clearly
seen in hand sample (Fig. 3.10), although thin section analysis is required to see the
one cm thick reaction zones between the host-rock and xenolith. Analysis of thin
sections 114.375, 113.695, 113.605, and 113.345 show that the diabase is a mixture of
pyroxene, plagioclase, and interstitial liquid, similar to the underlying diabase, but
the igneous minerals are completely altered. The xenolith contains abundant ﬁnegrained quartz, typically ∼ 0.25 mm long, with accessory biotite and calcite. Sulﬁdes,
up to over 1.25 cm long are typically found near the contacts and smaller sulﬁdes are
abundant in the host and xenolith.
Thin section 114.375 contains micro-xenolith pockets, two to three mm in diameter, containing quartz, calcite and, biotite, typically coarser than the surrounding
rock with grains up to 1.5 mm long. The microxenolith pockets are surrounded by
reaction rims one to two mm thick, likely created through local assimilation of the
xenolith by the hot magma. Considering the local sedimentary sequence, these xenoliths are almost certainly pieces of country rock picked up by the magma during
transport or pieces of the roof that settled into the magma. Xenolith contamination
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Figure 3.10: A hand sample from the host rock contaminated diabase shows coarse
and ﬁne grained rock separated by a narrow reaction boundary and large sulphides.
above the augite cumulate layer is a seemingly ubiquitous feature of Victoria Island
Sills, (Damon’s Sill, Kat’s Sill, and the 26 m thick 0602 GNME sill). The whole rock
geochemistry of this layer also shows element concentrations inconsistent with the
evolution of a tholeiitic magma (see 0601 sill introduction for more on the inﬂuence
of country rock contamination on sill geochemistry).
Thin section 112.085 is from 16.85 meters above the chilled margin and is the sole
sample from between the host-rock contaminated diabase and the sandwich horizon.
This is the ﬁrst sample with skeletal Fe-Ti opaques, up to 1 mm long. The texture
returns to intergranular from the sub-ophitic texture in the underlying diabase and
the crystal size of plagioclase and augite both decrease. This indicates quicker crystallization, inconsistent with conventional expectations. However, it is likely that while
the composition of this sample was unaﬀected by xenolith contamination, the cooling
rate may have been faster since, some of the heat in the underlying section, which
would normally have prolonged crystallization at this level, was lost to heating and
then assimilating cold xenolith. Many augites in this thin section are well preserved
while other pyroxenes are nearly completely altered. The altered pyroxenes may have
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been pigeonite, which typically alters more readily than augite, indicating that interstitial pigeonite may have been abundant in this sample. Plagioclase is also typically
highly altered in this sample. One small section, 2 mm in diameter, contains quartz,
biotite, chlorite and opaques and is likely the result of local xenolith contamination,
which further supports the assimilation-induced faster cooling rate in this sample.
While whole rock composition and P-D modeling indicate a sandwich horizon at
18.02 to 18.49 m above the chilled margin, the thin sections from 18.0 m to 19.9 m
above the chilled margin, 110.935, 110.105, and 109.035, are described together due
to their similar appearances in thin section. These thin sections are dominantly diabasic intergrowths of augite and plagioclase with a large degree of alteration. Some
pigeonite is identiﬁable, and again, it is likely that a large portion of the pigeonite
is unidentiﬁable due to alteration. Several areas of the thin sections are completely
altered, and no phases are identiﬁable. Large skeletal opaques, up to 2 mm long, commonly appear in conjunction with large augites, which are typically bladed, but are
also found inter-grown with elongate bladed plagioclase (see Opaques section below
for more on this). Biotite, and Na-rich amphibole generally occur as small interstitial
crystals and were thus likely igneous phases. Additionally, Na-rich amphiboles and biotite contain radiation haloes with holes matching the habit of zircon. Quartz occurs
in conjunction with chlorite where alteration is high. These thin sections also contain
the largest plagioclase and augite crystals in the sill. Based on the crystal sizes and
large diversity of mineral phases, especially the zircons, these samples undoubtedly
represent the last magma to crystalize in the sill.
Above the sandwich horizon, the general coarsening inward trend that began at
the lower chilled margin reverses and a ﬁning upward trend begins, indicating that the
sandwich horizon was the thermal center of the sill. In general, the roof sequence of
the 0601 sill is far more altered than the ﬂoor sequence. Above the sandwich horizon,
modal augite decreases upwards, while modal plagioclase increases. This shift in the
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ratio of augite to plagioclase may be the result of some roof zone augites sinking into
the magma, joining the cumulate layers, while buoyant plagioclase remained.
Samples 108.065, 107.055, and 106.025, from 20.87 to 22.91 meters above the
lower chilled margin, and 4.96 to 2.92 meters below the upper chilled margin contain
abundant plagioclase and augite. Sample 108.065 contains heavily altered augite
and plagioclase, often inter-grown, or occurring as splays from a common nucleation
point. This implies that augite and plagioclase were generally co-precipitating in the
magma at this time. Heavy alteration to serpentine is found throughout and may
be the result of extensive alteration, or it will be ﬁlling tiny vesicles. A large calcite
crystal with talc inclusions may also be ﬁlling a vesicle, or could be the result of an
unusual alteration. The maximum abundance of skeletal Fe-Ti-oxides (total modal
opaques is 8.2%) is found in this thin section as well.
Samples 107.055 and 106.025 are the best preserved thin sections from the roof
sequence. They contain abundant inter-grown splays of plagioclase and augite as well
as skeletal opaques, generally smaller and less abundant, than those in the underlying
samples 108.065 and 109.035. Some of the plagioclase occurs as elongate laths, and
long bladed pyroxenes are also present. There is no chlorite, calcite, or quartz, and
biotite and Na-amphibole are scarce. There is no evidence of ﬁlled vesicles either.
Alteration occurs as patches of talc and tiny opaques, where no other indications of
the primary mineral can be ascertained.
Beginning in sample 105.065, 23.87 meters above the chilled margin, and continuing until the upper chilled margin, sample 103.105, ﬁlled vesicles are common and
typically visible in hand-sample (Fig. 3.11). The vesicles are up to ﬁve mm in diameter, but are often smaller, ∼ 2mm, and contain calcite and quartz, which is sometimes
euhedral, with rims of chlorite and opaque minerals. Samples 105.065, 104.505, and
103.0555 contain abundant ﬁlled vesicles, easily identiﬁed by the rounded inclusions
of euhedral quartz and chlorite. The sample is mostly highly altered augite and pla-
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gioclase. Plagioclase and augite crystal sizes ﬁne upwards and plagioclase becomes
increasingly abundant. Skeletal opaques are no longer present and the associated
elongate bladed plagioclase and augite typically associated with the opaques are absent as well. Sample 104.505 contains abundant opaque oxides, some of which are
clearly associated with the vesicles, and others that may have a magmatic origin. In
sample 103.555, opaques are less abundant in the matrix and are commonly sulﬁdes,
not oxides.

Figure 3.11: A hand sample from the upper diabase contains ﬁlled vesicles.
The upper chilled margin is porphyritic with altered olivine and augite phenocrysts, up to 1 mm long, typically occurring as glomerocrysts, in an altered ﬁne
grained groundmass of augite and plagioclase. Tiny opaques, smaller than 0.1 mm
diameter, are abundant and often occur in conjunction with biotite. Opaques found
independent of biotite may be chromite micro-phenocrysts. Vesicles in the upper
chilled margin sample are typically smaller than the other vesicles in the sill, less than
1 mm diameter, and contain abundant quartz, calcite, and biotite with rare chlorite
and Na-rich amphibole. Biotite and opaque minerals also occur as rims around the
vesicles. Biotite generally appears where chlorite was present in lower samples. The
abundance of secondary biotite in the thin section explains the high K2 0 and Ba in
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the whole rock geochemistry.
In general, the high degree of alteration, in addition to the ﬁlled vesicles in the roof
sequence, explains much of the erratic compositional trends from the upper diabase
and sandwich horizon. It is clear that a signiﬁcant quantity of ﬂuids, some of which
started as dissolved water in the magma, traveled through the upper part of the sill,
rearranging volatile components.

Opaques
There are three sets of opaque minerals in the olivine and augite cumulates. Chromite
spinels dominantly occur as inclusions in olivine and augite. Less commonly, they
are found as inclusions in plagioclase or in the matrix. They generally decrease in
abundance upwards and are not found in the diabase. Interstitial Fe-oxides and FeTi-oxides, likely magnetite-ilmenite is also common in the cumulate rocks, typically
has a skeletal form, and occurs in association with biotite. The third set of opaque
minerals in the cumulates is magnetite and other Fe-oxides occurring along fractures
in olivines. These form during serpentinization because Fe is far less compatible in
serpentine than in olivine.
Magnetite-ilmenite is present throughout the diabase as an alteration mineral
and in association with areas of host-rock contamination and ﬁlled vesicles. Magnetite rarely occurs as a secondary igneous mineral in the diabase. An opaque Fe-Tioxide mineral becomes increasingly abundant in the diabase and reaches its maximum
abundance just above the sandwich horizon. Chromites, secondary magnetites and
Ti-oxides, were grouped together as opaques for the purpose of point counting because
of their similar appearances. Alteration Fe-oxides were easily identiﬁed during point
counting, and are counted as part of whatever primary igneous phase they formed
from.
Total opaques generally increases from the 2.9% at base of the sill to 7.9% in
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Figure 3.12: Left: Stratigraphic variation in modal opaques shows a maximum just
above the sandwich horizon. Right: Opaque crystal size follows the same trend as
silicate crystal sizes reaching maximum length in the sandwich horizon. The points
are individual olivine grain lengths, green is the picrites, red is augite cumulates. All
box plots in this paper show the median (vertical bar), inter-quartile range, and the
range of variation and outliers.
sample 120.66, 8.3 m above the chilled margin (Fig. 3.12). Above this sample there
is a sudden drop in total opaques to 1.2%. Starting at sample 119.655, total opaques
increases upwards to a maximum of 8.2% in samples 109.035 and 108.065, ∼ 20-21
meters above the chilled margin. Because the diﬀerent opaque minerals have vastly
diﬀerent compositions and formation mechanisms, it is impossible to generalize much
about this trend, although a general increase in opaques in and around the sandwich
horizon is expected and observed.
The most important information provided by the opaques may be the abundance
of large skeletal Fe-Ti-oxides associated with long, sometimes longer than 5.0 mm,
bladed augite crystals in samples 110.935, 110.105, and 109.035. The skeletal opaques
and bladed augites indicate rapid crystallization, however, these samples are from
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the sandwich horizon, the last magma to crystalize. Since water is incompatible
in olivine, augite, pigeonite, and plagioclase, it would have remained in the magma
during crystallization along with other volatile elements. By the sandwich horizon, the
last bits of magma would have been enriched in water. Bound by a low permeability
crystal mush, the volatiles would have been unable to escape from the magma until the
volatile content got high enough, or an outside force caused fracturing of the overlying
mush column. Then, the pressure on the magma would have rapidly decreased, and
volatile saturation and exsolution would occur rapidly. The transition from a wet to
dry magma would have rapidly shifted the liquidus causing sudden super-saturation in
augite and Fe-Ti-oxide (Naslund, 1984). These phases would have rapidly grown, as
volatiles are removed from the sandwich horizon and redeposited higher in the sill or
carried into the country rock. Rapid volatile exsolution and Fe-Ti-oxide accumulation
during crystallization of the sandwich horizon is likely the cause of the M-shaped
pattern in the diabase seen in whole rock compositional trends. The M-pattern cannot
be explained by the P-D model without including an Fe-Ti-oxide phase.

Biotite
Most of the biotite in the sill occurs in the olivine horizon in association with igneous
magnetites. By sample 117.775, 11.16 m above the chilled margin, in the middle
of the augite cumulates, modal biotite decreases to under 1%. Modal biotite varies
between 0.1% and 1.3% throughout the diabase. Biotite is commonly found in and
around the ﬁlled vesicles in the upper diabase, these biotites are not included in
the point counting. Biotite is also found in some of the xenoliths in the sill, but,
xenolith biotites are not included in the point counting since they did not form from
the crystallization of the sill magma.
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Crystal Size Distributions
Crystal sizes for the three major silicate phases, olivine (Fig. 3.13) , augite, and
plagioclase (Fig. 3.14), follow a similar trend. Starting in the ﬁrst measured thin
section, sample 128.125, 0.81 m above the chilled margin, crystal size steadily increases until sample 119.655, 9.28 m above the base. Samples 119.655 and 119.265
contain the highest modal olivine and the largest crystals in the olivine horizon. As
plagioclase becomes a liquidus phase and begins competing for room to grow in the
augite cumulate layer, crystal size deceases.

Figure 3.13: A box plot of olivine crystal major axis length (mm on a log scale) vs.
height (m) shows that olivine crystals coarsen upwards from the base of the sill to
the top of the olivine zone.
Above the augite cumulates, the crystal size coarsens as olivine disappears from
the liquidus. There is no point counting data from sample 115.185 until sample
112.085 because this is the area of heavy xenolith contamination. The heating and
assimilation of the cold xenoliths would likely cause an increase in cooling rate in
the overlying samples, which likely caused the slight decrease in crystal size going
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from sample 115.185 to sample 112.085. From sample 112.085, until sample 110.105,
crystal size systematically increases. Sample 110.105, the center of the sandwich horizon, generally contains the coarsest crystals in the sill, although pyroxenes in sample
109.035 are slightly coarser. Above the sandwich horizon, crystal size systematically
decreases until the porphyritic upper chilled margin with an aphanitic groundmass.
Interestingly, the average size of each silicate phase in a thin section is generally similar throughout the sill. Additionally, the opaques typically follow a trend similar to
that of the silicate phases.

Figure 3.14: Box plots of augite and pyroxene crystal major axis length (mm, on a log
scale) shows that both phases generally coarsen inwards reaching maximum crystal
size in the sandwich horizon.
If the olivine layer was formed through the injection of an underplating olivine
slurry, it would have delivered a ﬂux of heat expected to have a large impact on
crystal size distributions throughout the sill. Additionally, it would be expected that
ﬂow diﬀerentiation in the slurry would concentrate the largest crystals in the olivine
cumulates near or just below the middle of the layer, with ﬁner crystal sizes towards
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the margins. However, this does not match observations. Instead, the largest crystals
occur in the top of the olivine cumulates, exactly where the largest crystals would
be expected in a crystal settling model. If the sill crystallized from a single pulse of
magma, the largest crystals would be expected in the last part of the sill to crystalize, which would also be the most enriched in incompatible elements. The systematic
increase in crystal size for all three silicate phases from the margins to the sandwich horizon, where whole rock compositional data show the highest concentration of
incompatible elements, provides strong evidence in support of a single-pulse crystallization model of a phenocryst-laden magma followed by crystal settling and in-situ
diﬀerentiation.

3.2.2

Mineral Chemistry

Electron microprobe (EMP) analysis was used to determine mineral compositions for
olivine, augite, plagioclase and chromite in the 0601 sill. Silicates were analyzed for
Al2 O3 , CaO, Cr2 O3 , FeO, K2 O, MgO, MnO, Na2 O, NiO, SiO2 , and TiO2 , although
multiple oxides were below detection limits for each phase. All Fe was assumed to be
Fe2+. Chromite was analyzed for FeO, MgO, SiO2 , CaO, Al2 O3 , TiO2 , ZnO, Cr2 O3 ,
and MnO. Fe2+ and Fe3+ in chromite were calculated by charge balance. Eight thin
sections from the picrite layer were probed, two from the augite cumulate layer and
ten from the diabase. The upper and lower chilled margin samples were not probed
because complete alteration left no primary igneous minerals.

Olivine
Olivine Mg# systematically decreases up section with the highest average Mg#, 87.3,
in sample 128.125, the lowest probed thin section in the sill. Average olivine core
Mg# is 72.8 in sample 117.775, the highest sample with olivine. Olivine is generally
slightly normally zoned with cores enriched in MgO and narrow rims enriched in FeO.
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Average rim Mg# goes from 84.2 in sample 128.125 to 71.3 in sample 117.775. Olivine
core Mg# in the picrites typically plots in or near the range of olivine Mg# values
predicted by the best-ﬁt MELTS model (Fig. 3.15). Olivine rims and cores in the
augite cumulate layer, as well as olivine rims in the picrites are typically Fe-enriched
compared to the predicted MELTS compositions. It is possible that these olivines
re-equilibrated with, or grew from, Fe-enriched interstitial liquid leading to their more
evolved compositions.

Figure 3.15: Plot of olivine Mg# vs, height shows upwards evolution of olivine composition. The golden box is the extent of olivine compositions predicted by the best-ﬁt
MELTS model. Blue symbols are core, and red are rims.
CaO in olivine is also slightly normally zoned with cores about 0.05 wt% enriched
relative to the rims. CaO in cores and rims decreases upwards until a minimum in
sample 122.215 and then increases upwards until the upper end of olivine crystalliza-
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tion. However, CaO in olivine is less than 0.35 wt% and thus these variations are
near the limits of accuracy by the EMP.
Olivine is typically slightly normally zoned in NiO with higher concentrations in
the cores and lower concentrations in the rims. NiO in olivine systematically decreases
from the base of the sill until the end of olivine crystallization in sample 117.775 (Fig.
3.16). Average NiO in olivine is approximately double at the base compared to that
in the upper most olivines. Considering the high Kd of Ni in olivine, fractional
crystallization of 7-12% olivine should reduce the NiO content by half (Sato 1977).
The best-ﬁt MELTS model predicts a decrease of NiO in olivine from 0.25 wt%
to 0.15% during the crystallization of 7.8% olivine. The measured NiO in olivine
values show a slightly larger range of variation from the bottom of the sill until the
end of olivine crystallization, but generally plot near or within the MELTS model’s
predicted range. More importantly, the systematic upward decrease in NiO in olivine
shows that olivine was crystalizing from an evolving magma in the sill with earlier
formed olivines rapidly depleting magma NiO. If, on the other hand, a chemically
homogenous population of olivine was being arranged by ﬂow diﬀerentiation, settling
of only initial phenocrysts, or a similar mechanical sorting process, we would expect
NiO in olivine to remain constant with height, like we see with the mechanically
redistributed chromite phenocrysts.

Augite
Average augite core Mg# is 73.7 in the lowest sample and then quickly increases to
81.8 in sample 127.125, 1.81 m above the chilled margin. It is possible that interstitial
and cumulus augite are indistinguishable in the basal sample, and, if present, cumulus
augite would have a higher Mg#. Augite Mg# is approximately constant throughout
the rest of the picrites and there is limited normal zoning. In the augite cumulate
layer, core Mg# is constant, but normal zoning core to rim begins and many augites
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Figure 3.16: Olivine NiO content vs. height shows upwards evolution of olivine
composition. The gold box is the extent of olivine compositions predicted by the
best-ﬁt MELTS model. Blue symbols are core and red are rims.
are sector zoned. Sector zoning in the augite cumulate layer augites (Fig. 3.17)
can be seen under cross-polarized light with the petrographic microscope. Element
mapping with the electron microprobe shows positive correlation between Al and
Cr enrichment and depletion in alternating zones. Augite Mg# in the picrites and
augite cumulate layer is slightly higher than predicted by MELTS modeling (Fig.
3.18). Beginning in sample 117.775, the upper augite cumulate layer sample, augite
is increasingly strongly normally zoned with MgO enriched cores and FeO enriched
rims. Average core Mg# remains consistent until sample 112.085, 16.85 m above the
chilled margin. P-D modeling shows that augite accumulation in the basal sequence
ends around 17 m above the chilled margin. Above sample 112.085, augite core Mg#
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rapidly decreases to a minimum in the sandwich horizon. Augite core Mg# generally
increases upwards in the roof sequence, but shows much larger intra-sample variability
than in the basal sequence. While core Mg# shows little evolution in augites from the
picrites until sample 112.085, a strong Fe-enrichment trend in augite rims begins in
sample 117.775 in the augite cumulate layer and progresses upwards with maximum
FeO content of augite rims in the sandwich horizon. Above the sandwich horizon,
there is a mild increase in augite rim Mg#.

Figure 3.17: Back-scattered electron image of a typical sector zoned augite from the
augite cumulate layer.
Cr2 O3 content in augite increases upsection from the basal sample, which has core
average Cr2 O3 of 0.14 wt% and rim average of 0.009 wt%, until a maximum average
core Cr2 O3 content of 0.97 wt% is reached in sample 120.655, 8.28 m above the chilled
margin (Fig. 3.18). Upward from sample 120.655, Cr2 O3 in augite steadily decreases
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Figure 3.18: Augite Mg# (left) and Cr2 O3 contents (right) vs. height shows inwards
evolution of augite composition. Augites are normally zoned in regards to MgO and
FeO in the diabase but unzoned in the picrites while they are normally zoned in
Cr2 O3 in the picrites and unzoned in the diabase. The gold box is the extent of
olivine compositions predicted by the best-ﬁt MELTS model, Cr was not included in
the best-ﬁt MELTS model. Blue symbols are core and red are rims.
until sample 112.085, at which point the augite rims contain almost no Cr2 O3 . This
is the same sample thought to contain the last cumulate augite in the basal sequence
discussed above. Since Kd augite/melt of Cr2 O3 is greater than one (Hauri et al.
1994), and if augite crystallization is greater than olivine crystallization, Cr2 O3 should
be depleted in the magma. If olivine crystallization in the picrites greatly exceeds
augite crystallization, Cr2 O3 will act as an excluded element. This pattern suggests
that augite accumulation in the picrites is largely dominated by the settling of initial
augite phenocrysts, and in-situ augite fractionation begins only in the upper most
picrites and the augite cumulates. Augites in the top two thin sections from the roof
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sequence show a small, but signiﬁcant, Cr2 O3 content, indicating that these augites
are likely early crystals trapped by the downwards crystallization front.

Plagioclase
Plagioclase in the picrites and the augite cumulate layer is slightly normally zoned,
CaO enriched cores and Na2 O enriched rims, and CaO enrichment between cores and
rim generally increases towards the sandwich horizon. Above the augite cumulate
layer, beginning in sample 115.985, 12.95 m above the chilled margin, the An# of
plagioclase begins decreasing and zoning increases. Based on thin section analysis
and MELTS modeling, sample 115.985 is likely the ﬁrst occurrence of plagioclase as a
liquidus phase. Minimum An# in rims and cores and maximum zoning is found in the
sandwich horizon. Above the sandwich horizon, plagioclase An# increases upwards.
Several thin sections show extensive post-igneous albitization, with An#s less than
20. Considering the abundance of evidence for post-igneous hydrothermal alteration
in the sill, PER, P-D modeling, and petrographic analyses, this is expected. Average
core An#s throughout the sill fall within the range of An#s predicted by MELTS
modeling during the ﬁrst 20.5% fractional crystallization with the exception of one
sample in the sandwich horizon (Fig. 3.19).

Chromite
Chromite micro-phenocrysts are present in the picrites and augite cumulate layer,
commonly occurring as inclusions in olivine or augite, but also occurring in the matrix or within plagioclase. Cr# in chromite varies from 41 to 73, but shows no
systematic variation with height (Fig. 3.20 Left). A plot of Cr# vs. Mg# (Fig.
3.20 Right) shows that chromite composition is instead controlled by host mineral
re-equilibration during cooling with chromites in plagioclase losing Al to the host
and chromites in augite losing Cr (Hoshide and Obata, 2014). The lack of an in-situ
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Figure 3.19: Plagioclase An# vs. height shows inwards evolution of plagioclase composition. The gold box is the extent of plagioclase compositions predicted by the
best-ﬁt MELTS model. Blue symbols are core and red are rims.
enrichment trend in chromite indicates that the chromites entered the sill as a relatively homogenous population of micro-phenocrsysts in the incoming magma and
were mechanically arranged in the sill by ﬂow-related processes and crystal settling.
The presence of chromite micro-phenocrysts throughout the augite cumulate layer
suggests that the augite cumulate layer and olivine cumulate layers are likely the
result of the same injection, and not a reaction between an evolved diabasic melt and
an under-plating primitive slurry melt as suggested by Hayes et al. (2015) in the
LPS.
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Figure 3.20: Left: Cr# content of chromite plotted vs. height shows no stratigraphic variation in chromite composition. Right: Chromite Cr# vs. Mg# shows
that chromite composition is controlled by equilibration with host and neighboring
phases. The horizontal area is from stratiform intrusions while the vertical one is
from podiform chromites (Hoshide and Obata, 2014)

3.3
3.3.1

Modeling
Pearce Element Ratios

PER plots and slopes were used to interpret the geochemical relationship between
samples in the 0601 sill. A more general discussion of PERs can be found in the
Methods section above. PER plots are used to test the hypothesis that the geochemical variation observed in the sill can be explained by the addition or removal
of diﬀerent phases from and to a common sample. In the context of the 0601 sill,
the lower chilled margin is interpreted as representing the parent liquid. Samples
are plotted according to their rock type or petrological signiﬁcance in the sill. Rocks
from the olivine cumulate layer are plotted together using green triangles, the green
line is the linear regression, augite cumulates are plotted as red circles, blue squares
are diabase with a blue linear regression line, and the yellow asterisks are the upper
and lower chilled margins (Figs. 3.21-3.23). Upside down black triangles are samples
from the olivine cumulate layer, but are not included in the linear regression.
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The samples, 119.3, 120.26, and 121.05 have high Si/Ti ratios, greater than 150,
because they have a slight Ti depletion of about 0.15 wt% TiO2 less than surrounding
samples. These samples are all from the top of the olivine cumulate layer where there
is the maximum amount of accumulated crystals (∼ 65-70% in P-D model). Adjacent samples with similarly high cumulus crystals have more reasonable Si/Ti ratios,
less than 125. It is impossible for a mix of chill margin magma with even 70-80%
accumulated olivine and augite to reach these high Si/Ti compositions. Therefore,
these samples are treated as outliers in the following analysis and are not included
in the slopes and R2 values calculated and discussed below, although including these
samples in the analyses has little impact on the slope or R2 values (Table 3.1, below).
The picrite and diabase trend-lines typically intersect at or near the chilled margin
composition, indicating that both sets of rocks can be formed through a combination
of the chilled margin and the addition or removal of diﬀerent phases. The linear
regression for the augite cumulates would also likely intersect at or near the chilled
margin composition, but, because there are only four samples, no regression was
calculated. On a plot with Si/Ti on the x-axis, a sample that plots to the right of
the chilled margin was likely formed through the addition of one or more phases and
is considered a cumulate rock while a rock plotting to the left of the chilled margin
composition was generally formed through the removal of crystals. The sandwich
horizon rocks are thought to have formed from the last crystallized magma, since they
are the most depleted in compatible elements and the most enriched in incompatible
elements, have the lowest Si/Ti ratios (farthest left on Figs. 3.21-3.23).
On the plot of (2*Ca + Na)/Ti vs. Al/Ti (Fig. 3.21) augite addition or removal
plots as a vertical line. On a plot of the 0601 samples, the augite cumulate layer
samples form a nearly vertical line going through the chilled margin composition,
which shows that the composition of the augite cumulates could have formed largely
through the addition of varying amounts of augite to the chilled margin. The olivine
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Figure 3.21: PER plot of (2*Ca + Na)/Ti vs. (Al/Ti) indicates that augite was the
dominant phase in the augite cumulates and an important phase in the picrites and
diabase.The golden line is the liquid evolution of the best-ﬁt MELTS model, run at
QFM+1, the brown line is from QFM+2, black triangles are picrites not included in
calculations because of high Si/Ti.
cumulates plot as a separate group, slightly enriched in (2*Ca + Na)/Ti compared
to the diabase samples, but with a nearly parallel trend, showing a fairly consistent
amount of augite enrichment throughout the olivine horizon. The diabase trend shows
that the samples are either depleted or enriched in augite.
The plot of (2*Na)/Ti vs. Al/Ti (Fig. 3.22) should show the average An# of
the fractionating plagioclase. However, this plot shows a large amount of scatter,
especially in the diabase ( R2 = 0.17) and picrite (R2 = 0.19). This indicates that
the Na distribution throughout the sill is not controlled solely by plagioclase fractionation. Plagioclase fractionation, plus post-igneous albitization or hydrothermal
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Figure 3.22: PER plot of (2 * Na)/Ti vs. (Al/Ti), indicates that Na distribution in
the sill was not controlled by plagioclase fractionation.
alteration could redistribute Na as part of a volatile phase. This is expected in an
old Proterozoic Sill and agrees with the P-D model, which also suggests volatile redistribution of mobile elements, particularly in the diabase. Some of the eﬀects of
volatile redistribution is seen in the ﬁlled vesicles in hand sample and thin section,
in the extensive alteration of plagioclase in thin section, and in microprobe analyses
which show signiﬁcant albitization. Additionally, whole rock compositional trends
show that other mobile elements in the sill, such as Ba, Cs, and K2 O for example,
have also been extensively re-mobilized, post-crystallization.
On a plot of (Al + Fe + Mg – 2*Ca – Na)/Ti vs. Si/Ti (Fig. 3.23), olivine has a
slope of 2.0, augite ∼ 0.2, depending on the exact wollastonite content of the augite,
and plagioclase 0.0. A slope of 1.36 in the picrites indicates, that while olivine is the
dominant phase being accumulated, either plagioclase and, or, augite is also being
accumulated in a signiﬁcant quantity. P-D modeling shows up to 10% augite accumulation in the picrites with limited if any plagioclase accumulation. Petrographic
microscope analysis of thin sections shows some cumulus augite in the picrites, while
plagioclase appears to only occur as an interstitial phase. On the same plot, the dia-
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Figure 3.23: PER plot of (Al+Fe+Mg-2*Ca-Na)/Ti vs. (Si/Ti) indicates that augite
was an important phase in the picrites.
Table 3.1: Slopes and R2 values for diabase and picrites for all tested PER ratios.
X
Y
mDi
R2Di
mPic R2Pic
0.5*(Fe+Mg)/Ti
(2*Na+Al)/Ti
(2*Ca+Na-Al)/Ti
(0.5*(Mg+Fe)+2*Ca+3*Na)/Ti
(2*Ca+3*Na)/Ti
(2*Ca+Na)/Ti
Fe/Ti
(2*Na)/Ti
(Al+Fe+Mg-2*Ca-Na)/Ti
Mg/Ti

Si/Ti
Si/Ti
Si/Ti
Si/Ti
Si/Ti
Al/Ti
Mg/Ti
Al/Ti
Si/Ti
(Mg+Fe)/Ti

0.178
0.321
0.197
0.696
0.518
1.667
0.316
0.210
0.160
0.746

0.902 0.742 0.890
0.824 0.095 0.291
0.734 0.126 0.599
0.053 0.963 0.960
0.947 0.221 0.503
0.913 1.800 0.784
0.754 0.229 0.954
0.167 0.249 0.191
0.528 1.358 0.854
0.982 0.812 0.982

base has a slope of 0.16 showing that its chemical variation can be explained entirely
through plagioclase and augite fractionation and accumulation.
The PER plots clearly show that all of the major element geochemical variation
in the sill can be the result of olivine, augite, or plagioclase accumulation or depletion
relative to the the chilled margin magma, with the exception of Na2 O, which has
behaved as a mobile element. The PER plots provide important support to the
thin section analysis and P-D modeling that show augite accumulation of ∼ 10% in
the olivine cumulate layer. The plot of (2*Ca + Na)/Ti vs. Al/Ti is of particular
59

importance, since it shows that the whole rock major element chemistry of the augite
cumulate layer can be largely accounted for via the addition of augite to the chilled
margin composition.

3.3.2

Parent-Daughter Modeling

Parent-Daughter modeling was done to show that a simple mixing model of liquid and
fractionating or accumulating phases could explain most of the chemical variation in
the 0601 sill. P-D modeling methodology is more generally discussed in the methods
section.
Samples were vertically averaged, using a ﬁve sample running average to smooth
the trend and avoid over-ﬁtting. Samples were not averaged across layer boundaries.
Due to small sample size, the four samples from the augite cumulate layers were only
averaged in groups of two to three samples. However, this too may be problematic
because large and rapid changes in modal olivine and augite can be seen in the
thin sections from the augite cumulate layer. The sandwich horizon is an average
of sample 110.91 and sample 110.44, which are the two samples most enriched in
incompatible elements. Samples from the contaminant layer were not included since
they are the result of xenolith contamination, not magma diﬀerentiation; these are
samples 114.86, 114.45, 114.32, 114.12, 113.99, 113.95, 113.34, and 112.86. Sample
109.63 is also excluded from the P-D model due to high MgO and low Fe2 O3 t and
TiO2 , likely from local contamination.
A successful P-D model requires correct identiﬁcation of the fractionating or accumulating phases as well as a general composition of each phase. Five things were used
in the determination of the phases and compositions used in the 0601 sill P-D models. 1) Knowledge of basic thermodynamics and Bowen’s reaction series and a priori
knowledge of the phases expected to crystalize from a basaltic liquid quickly steer the
search towards a limited number of minerals commonly found in maﬁc rocks: olivine,
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augite, orthopyroxene, plagioclase, pigeonite, and oxides. 2) Thin section examination under petrographic microscope showed abundant cumulus olivine and augite, and
possibly cumulus plagioclase, but pigeonite, and orthopyroxene only occurs as rims
or an interstitial phase. Although chromite phenocrysts occur as inclusions in the
olivine and augite cumulate layers, chromite is not included in the model because Cr
despite a maximum concentration of 2898 ppm is still not a major component in the
magma, and the minor amount of modal chromite has an insigniﬁcant eﬀect on the
other constituents of chromite. 3) Microprobe analyses of cumulate and interstitial
minerals was used to determine the range of possible compositions. 4) Thermodynamic modeling using MELTS predicted the early-fractionated phases, their masses
and chemical compositions. Average phase compositions at the end of olivine crystallization were used to represent olivine, augite and plagioclase. Considerable eﬀort
was taken to ensure good agreement between the MELTS model and P-D model. 5)
Multiple trial and error models were made, using diﬀerent phases and varying compositions. Orthopyroxene, pigeonite, magnetite and Fe-Ti-oxides were all included in
diﬀerent P-D models, sometimes replacing one of the other three phases, sometimes
as an additional phase. Generally using more primitive phase compositions improves
the model ﬁt in the picrites and using a more evolved composition improves the ﬁt
in the diabase.
P-D model phase compositions need to best reﬂect the average composition of each
phase fractionating from or accumulating in the magma. Thus, while microprobe
analyses may appear to provide better values of the phase compositions, MELTS
provides a simpler model for calculating the average composition of the fractionating
phase compositions, and is preferable. Additionally, microprobe analyses measure the
re-equilibrated compositions of the fractionating phases, not the compositions that
were added to or removed from the magma.
While adding an additional phase will almost always improve the ﬁt, addition

61

62

50.19
39.85
50.84
48.73
51.54

1.11
0.00
0.33
0.00
1.36

14.17
0.00
4.45
32.90
15.08

12.27
16.02
9.38
0.00
13.04

0.18
0.25
0.10
0.00
0.12

9.68 9.72 1.99
44.80 0.39 0.00
17.21 18.25 0.17
0.00 15.77 2.50
6.61 9.65 2.3

0.67
0.00
0.00
0.10
0.83

0.10
0.00
0.00
0.00
0.12

60.98 84.71 78.43 87.16
50.11

37.42
-

Bulk Composition- Sampled Rocks
Bulk Composition- Modeled Rocks
Percent Diﬀerence

48.7
49.3
1%

0.9
0.9
4%

11.7
11.7
0%

12.7
12.5
2%

0.2
0.2
6%

13.5
13.7
1%

9.8
9.6
2%

1.4
1.6
14%

0.9
0.5
40%

0.1
0.1
10%

80.9
81.3
1%

Table 3.3: Modeled Bulk Sill Compositions:Comparison of bulk sill composition calculated using the measured rock compositions
compared with the bulk sill composition calculated using the modeled rock compositions. Most elements agree well between
the models, but, volatile elements Na2 O, K2 O, and P2 O5 do not agree, suggesting these elements were removed from the sill by
a ﬂuid phase.
SiO2 TiO2 Al2 O3 Fe2 O3 t MnO MgO CaO Na2 O K2 O P2 O5 Mg#

Liquid
Olivine
Augite
Plagioclase
MELTS 20.5% XLS

Table 3.2: Phase Compositions Used for 0601 Sill P-D Model: Liquid composition is based on the lower chilled margin composition and the olivine, augite and plagioclase compositions are the average phase compositions calculated from MELTS at the
end of olivine crystallization
Phase
SiO2 TiO2 Al2 O3 Fe2 O3 t MnO MgO CaO Na2 O K2 O P2 O5 Mg# An# Wo%

Figure 3.24: P-D results show a good model ﬁt for Mg# and TiO2 . Magenta asterisks
are the chilled margins, green triangles picrites, red circles augite cumulates, blue
squares diabase, golden target is the MELTS liquid composition at 20.5% fractional
crystalization and the black line and dots are the model results and interpolation.
of pigeonite, orthopyroxene, magnetite, and Fe-Ti oxide phases made only nominal
improvements in the ﬁt, and thus they were not included in the best-ﬁt model. Phase
compositions from diﬀerent MELTS models and diﬀerent points in the MELTS models
as well as microprobe data were used. Final phase compositions selected were the
average mineral compositions of olivine, augite, and plagioclase at the end of olivine
crystallization in the best-ﬁt MELTS model (Tab. 3.2). At that temperature, these
are the only solid phases in the MELTS model. A small portion of pigeonite, 1.5%
crystalizes between the end of olivine crystallization and 20.5% crystallization, the
modeled sandwich horizon crystallization. Based on the 0.5 wt% mixing intervals,
and further analysis of results, the resolution is probably close to ±2 wt%, thus,
63

Figure 3.25: P-D results show a good model ﬁt in the major elements.
the eﬀect of 1.5% pigeonite fractionation or accumulation would be indistinguishable
from background noise, and would be hard to distinguish from small variations in the
composition (CaO content) of the fractionating augite.
For each sample modeled, a mix of phases added or removed, the sum of squares
ﬁt (SSQ), and the modeled rock compositions are provided by the calculations. To
assess the model, SSQs cannot always be directly compared because increasing the
number of phases in the model will almost always reduce the SSQ. Within the context
of a single model, SSQs can be used to evaluate the model ﬁt at various fractionation
intervals. Model ﬁt for an individual sample must also be interpreted in the context
of the diﬀerence between the target sample and the parent composition. The SSQ
can be used to compare models using the same number of phases. For this, the sum
of the SSQs for each sample can be used, and or, the SSQ for each sample can be
directly compared across models.
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Figure 3.26: P-D results show a good model ﬁt for CaO but a poor ﬁt for Na2 O, K2 O
and P2 O5 , indicating these elements may have been transported in a ﬂuid phase.
Multiple models were produced before settling on a best-ﬁt model. The ﬁrst
model to be considered is a two-phase model using the chilled margin and olivine.
Crystallization of the lower 26 m sill in the 0603 GNME core (Naslund et al., 2013;
Naslund et al., 2015) can be almost completely explained through the simple addition
or removal of olivine. However, such a simple model is inadequate for the 0601
sill. Considering the results of Pearce Element Ratios (see PER section), it is not
surprising that augite accumulation is essential to explain both the picrites and the
augite cumulate layer.
The best-ﬁt P-D model uses the average phase compositions at the end of olivine
crystallization from the best-ﬁt MELTS model. Due to lack of experimental data for
calibration, MELTS does not include MnO in augite. To make up for this known
weakness in the MELTS phase compositions, 0.1 wt% MnO in augite was used, a
reasonable assumption based on the microprobe analyses. MnO in the olivine was
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Figure 3.27: Left: The SSQ is the ﬁt of each sample in the model. Right: The
amount of each phase added or removed to/from the chilled margin magma to model
the sampled rock.
also increased from the MELTS predicted 0.2 wt% to 0.25 wt%. Since the lower
chilled margin appears depleted in MnO and P2 O5 , the values from sample 128.09, less
than one meter from the chilled margin, were used for the parent liquid composition.
These minor alterations in MnO and P2 O5 composition of the parent liquid and phase
compositions have a large eﬀect in improving the ﬁt of MnO and P2 O5 in the entire
sill.
Model results show that the fractionation of olivine, augite and plagioclase can
explain most of the chemical variation in the 0601 sill. The picrites are modeled
by mixing an upwards-increasing portion of olivine and a near constant quantity of
augite. Cumulus olivine steadily increases from +4% in the ﬁrst sample, 0.03 m above
the chilled margin to a maximum of 45.5% at 9.24 m height. Samples from 7.88 m to
10.24 m above the chilled margin all have more than 40% cumulus olivine. 18 of 21
picrite samples, all the samples from the base until 8.67 m height contain 10% ±2%
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cumulus augite. At this height, augite decreases from 9% to a minimum of 6.5%.
This modest decrease in augite accumulation may be caused by the abundance of
accumulated olivine crowding out augite phenocrysts. However, this shift is only of
a slightly greater magnitude than the model’s resolution. Plagioclase is insigniﬁcant
as a fractionating phase in the picrites and varies from -2.5% to 2.5%, more likely the
result of model noise and natural sample variability than an indicator of a petrologic
change. If all the olivine in the sill is cumulus olivine, which is highly likely, and is also
supported by the MELTS model, then the quantity of cumulus olivine predicted by
the P-D model should be approximately equal to modal olivine determined through
point counting. A plot of height vs. modal olivine/modeled cumulus olivine shows
a strong agreement between these numbers, providing the strongest support for the
validity of the P-D model’s results.
As expected from PER and thin section analysis, crossing from the picrites to
the augite cumulate layer, the P-D model predicts a decrease in cumulus olivine from
43% to 15.5% and an increase in cumulus augite from 6.5% to 36.5%. The P-D model
shows 5.5% cumulus plagioclase in the lowest sample in the augite cumulate layer,
but since the other three samples have cumulus plagioclase of 1, -.5, and -1%, this
result is of questionable signiﬁcance. The augite cumulates are dominated by high
cumulus augite and upward decreasing cumulus olivine. It is important to note that
the P-D model, like the point counting, shows that cumulus augite increases before
cumulus olivine disappears.
In the diabase immediately above the augite cumulate layer, 12.37 to 13.72 m
above the chilled margin, the P-D model shows moderate augite accumulation, up
to 22.5%, minor olivine fractionation, up to 8%, and no plagioclase accumulation or
fractionation, 0.5% to -0.5%. From 13.72 m to 16.14 m above the chilled margin, there
is no whole rock chemical data to model, due to xenolith contamination. According
to the P-D model Samples 112.79 and 112.13 are the last cumulate samples in the
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ﬂoor sequence with 12.0% and 8.5% cumulus augite. They are depleted in olivine,
-8.0% and -7.5%, and may also be the ﬁrst samples to show plagioclase fractionation,
-2.5%. Above this level, augite switches from accumulation to fractionation. Olivine
fractionation remains constant, and plagioclase fractionation begins or increases. By
sample 110.57, the middle of the sandwich horizon, 20.5% fractional crystallization has
removed 8% olivine, 4.5% augite and 8% plagioclase from the parent magma. From
the sandwich horizon until sample 106.055, the P-D model shows crystal free rocks.
At sample 106.055, three meters below the upper chilled margin, augite reappears
as a cumulus phase in the model. From this sample until the upper chilled margin,
increasingly less olivine is removed from the magma, although it never reappears as
a cumulus phase and increasingly less plagioclase is fractionated before it too begins
to accumulate in samples 103.05 and 103.02.
In general, the P-D model provides a good ﬁt to the sample data, and thus has
strong explanative power for the formation of the 0601 sill. As expected, the cumulus
rocks are modeled by accumulating olivine and augite, which agrees well with the
PERs. While some of the diabase samples have cumulus augite, again in agreement
with the PERs, most of the diabase samples are the result of removing olivine, augite
and plagioclase from the parent liquid. The P-D model predicts maximum fractionation from samples 110.91, 110.57, and 110.44. The corresponding thin sections of
samples 110.935, 110.105, and 109.035 contain the largest crystals in the sill. Thus,
the P-D model, based on whole rock major element compositions, agrees with the
textural data indicating that the sandwich horizon was the last part of the sill to
crystalize. This also agrees with the trace element modeling.
The sum total for each cumulus phase in the sill is simply calculated by multiplying the model results for each sample by the thickness represented by the sample
(Tab. 3.4). The P-D model indicates that total plagioclase in the sill is slightly depleted, -1.16%. The model also only predicts that two samples have more than 2.5%
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Table 3.4: Incoming Magma Phenocryst Load: The quantity of phenocrysts in the
incoming magma calculated by summing the weighted phenocryst content of each
modeled rock (column 1) compared to the quantity of phenocrysts in the incoming
magma calculated by doing a single-step best ﬁt between the bulk sill composition
and chilled margin composition. Both models agree that the incoming magma was
carrying 9% augite and 9% olivine phenocrysts.
Phase
Sum P-D Model Chill - Bulk Model Diﬀerence
Olivine
Augite
Plagioclase
Total Phenocrysts (Plag.=0)

9.09
9.71
-1.16
18.80

8.90
9.73
-1.24
18.63

0.19
0.02
0.09
0.17

cumulus plagioclase; one is the upper chilled margin, which is a questionable result,
the other is at the base of the augite cumulate layer, which is a more reasonable, but
still a questionable result. It is possible that if ﬂow through the sill was high enough
during crystallization, that buoyant plagioclase fractionated from the magma and was
washed down-section by the ﬂowing magma. This is the petrological process indicated
by bulk negative plagioclase. However, all other evidence points to closed-system differentiation in the 0601 sill, and magma ﬂow, especially of the required magnitude,
is highly unlikely in such a small sill, not to mention the diﬃculty of separating two
phases of nearly identical density in a relatively high viscosity environment. Thus,
it is far more likely that plagioclase was indeed fractionated out of the more evolved
samples; however, it accumulated in small quantities in the lower diabase and possibly augite cumulate layers. The small quantity of plagioclase accumulation must be
spread out such that in each sample it is below the model resolution of ∼ 2%, but,
when totaled throughout the sill, the sum total of plagioclase would be zero. Unlike
other phases, like pigeonite, that do not markedly improve the model, plagioclase
fractionation is necessary to create the sandwich horizon and surrounding diabase
compositions, from roughly 17.32 m to 22.875 m above the chilled margin. If diﬀerentiated interstitial melt is transported upward during compaction, and ultimately is
concentrated in the sandwich horizon, small amounts of interstitial plagioclase may
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have “accumulated” in the lower part of the sill.

Figure 3.28: Comparing the initial and residual SSQs shows that the model was
in-eﬀective in explaining the small but signiﬁcant M-shaped pattern in the diabase,
likely the result of oxide accumulation, not accounted for in the model. The vertical
dashed line is at SSQ=4 in both plots for reference. The y-axis shows stratigraphic
height in meters.
Plotting the initial sum of square diﬀerences between each sample and the lower
chilled margin shows two main trends in the sill (Fig. 3.28). The largest trend, in
terms of ssq diﬀerences, is the trend of increasing accumulation from the basal sample
to the top of the picrites followed by a decrease in total accumulation through the
augite cumulates and the bottom of the diabase. Despite a rather large diﬀerence
between the target rock composition and parent liquid (generally 100 - 300) in many
samples, the model ssq is typically less than two. Through this section of the sill, the
model works excellently. The next section is a weak M-shaped pattern in the initial
ssq diﬀerences. Since the same M-shaped pattern is present in the initial and model
ssq diﬀerences, the P-D model was largely unable to explain this chemical variation
through accumulation or fractionation of olivine, augite and plagioclase (discussed
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further below).

Figure 3.29: The plot of SSQ vs. phenocrysts added or removed shows that model
ﬁt requires a compromise between the cumulates and evolved diabase.
On a plot of model SSQ vs. wt percent crystals added or removed (Fig. 3.29),
there is a parabolic relationship between SSQ and percent crystals. Not surprisingly,
the samples that are the most diﬀerent from the parent liquid composition have the
largest SSQ in the model. The entire distribution is skewed towards the cumulate
rocks with samples from 10 to 45% crystals added always showing a SSQ less than
1.0. Comparing the shape of this curve between diﬀerent P-D models shows that
varying the phase compositions to more primitive or more evolved compositions typically shifts the quality of the model ﬁt between the cumulates and crystal-depleted
rocks. This model is considered to be the best-ﬁt model in part because it does the
best job of balancing the ﬁt between the two parts of the sill. The shift in the ﬁt
also indicates that the compositions of the phases, modeled here with constant compositions, was in fact likely evolving during sill crystallization, such that no single
phase composition can provide a perfect ﬁt. The evolution of phase composition during crystallization indicates crystallization from an evolving magma and negates the
possibility of mechanical redistribution of chemically homogenous initial phenocrysts.
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The model ﬁt can also be evaluated on an element by element basis (Figs. 3.243.28). The MELTS liquid composition at 20.5% fractional crystallization is plotted
next to the sandwich horizon sample for comparison. TiO2 , Al2 O3 , CaO, MgO, MnO,
and Fe2 O3 t have a strong ﬁt throughout the sill and a strong ﬁt with the MELTS
model at the sandwich horizon. SiO2 ﬁts well in the cumulates, but in the diabase,
where maximum silica abundance is expected, SiO2 is about 2 wt% lower than the P-D
model, and 3 wt% lower than the MELTS model. The SiO2 concentration forms an Mshaped pattern in this part of the sill (mentioned above and discussed further below).
The P2 O5 trend has a generally poor ﬁt throughout the sill and is particularly enriched
in samples 106.055, 105.48, 105.42, 105.065, and 104.935. Apatite was not included
in the model, and it is possible that minor local diﬀerences in interstitial apatite
acted to produce an apparent accumulation of P2 O5 . Na2 O acts as an incompatible
element in the cumulate rocks, but is depleted in these samples relative to the modeled
compositions. Since, Na2 O is not included in the olivine composition and is minimal
in augite, it is likely that late stage or post-igneous hydrothermal processes removed
Na from the interstitial phases in the cumulate layers and deposited some of the Na
in the upper part of the sill. Some of the initial Na2 O in the magma may have been
entirely removed from the sill. Na2 O in the diabase is a good ﬁt in and just below the
chilled margin, but is a poor ﬁt in the roof sequence diabase. Since Na is a volatile
element, and these rocks are heavily altered by hydrothermal processes, this is not
unexpected. Further, the P-D model’s inability to predict the Na trend in the sill
is expected since the PERs show that Na has been remobilized in the sill. K2 O is
similar to Na2 O in that it is slightly depleted, but generally tracks the trapped liquid
content in the cumulate rocks. In the diabase, K2 O becomes drastically enriched in
the lower diabase and reaches a maximum abundance of 2.3 wt% in the sandwich
horizon; where the P-D model and MELTS both predict a concentration around 0.8
wt%. All the diabase samples are enriched in K2 O relative to the model, which is
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expected since it is mobile in a volatile phase. It is particularly important to notice the
abundance of K2 O in the upper vesicular diabase where abundant biotite is present in
thin sections. Most of the major element variation in the 0601 sill can be explained by
olivine, augite and plagioclase fractionation or accumulation. Much of the remaining
chemical variation can be explained by volatile remobilization.
There is an M-shaped pattern in the upper diabase clearly visible in every incompatible element and several compatible elements, particularly in SiO2 and Fe2 O3 t.
This same pattern can be observed in the 45 m thick GNME 0602 sill (Naslund et al.,
2015), where it was explained by Fe-oxide accumulation. Adding a small amount of
Fe-Ti-oxide as a cumulus phase in the samples from 16 to 23 m above the base of the
sill can largely explain the M-shaped pattern near the sandwich horizon. Adding a
small quantity of Fe-Ti oxide to these samples can have a drastic eﬀect on the model,
because the eﬀect of mixing a phase is proportional to the quantity mixed as well as
the diﬀerence in composition of the phase from the parent liquid composition. Mixing
even a small amount of Fe-Ti oxide can have a large eﬀect on the SiO2 concentration
since it is vastly diﬀerent in SiO2 content from all the other phases. No amount of
olivine removal can produce the changes in SiO2 and Fe2 O3 t observed. Additionally,
petrographic analysis shows an increase in modal opaques in this part of the sill.
Thus, it is likely that the M-shaped pattern, which was not adequately reproduced
by the best-ﬁt P-D model, can be explained by a small amount of Fe-oxide accumulation. Fe-oxide was not included in the best-ﬁt model, however, because outside of
these few selected samples, its eﬀect on the model is minimal, and it would allow the
computer modeling software to perfectly ﬁt Fe, and thus remove Fe as a constraint
on the amount of silicate phases added or removed from the magma.
The ﬁnal analysis of the P-D model is done on the full sill scale. The weight
percent of each component in each rock is multiplied by the amount of rock that
the sample represents and then summed to give an estimate of bulk sill composition.
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Similarly, the bulk sill composition is calculated using each modeled rock composition
and the same thicknesses. The thicknesses used for each sample are found in accessory tables available online (See appendix). Both methods give a modeled bulk sill
composition that should agree. Both compositions are given in (Tab. 3.2) below with
the percent deviation. The components, SiO2 , TiO2 , Al2 O3 , Fe2 O3 t, MnO, MgO and
CaO provide excellent matches. Na2 O, K2 O and P2 O5 do not agree. Considering that
all the evidence suggests that these elements were re-distributed via a volatile phase
(see discussion above) or minor apatite crystallization, this is expected, since mobile
elements are not expected to match between models. Thus, the similarity between
the bulk sill and modeled bulk sill composition gives a strong check on the accuracy
of the P-D model.
In addition to checking each component, each phase must also agree. The quantity of each phase added or removed to or from each modeled rock is multiplied by
thickness and summed to calculate the total of each phase in the sill. Another P-D
mix is then done between the parent liquid composition and the bulk sill composition.
This mix should show the quantity of phenocrysts in the incoming magma. The sum
of each phase in the sill should agree with the diﬀerence between the bulk sill and
the initial magma. The results are listed below in Table 3.3.2. Olivine, augite and
plagioclase give near identical results for both models. The P-D model shows 9%
olivine and 10% augite phenocrysts in the incoming magma. The model indicates
-1% plagioclase in the incoming magma. As discussed above, a negative value of a
particular phenocryst could indicate open chamber dynamics, but, since -1% is below
the model resolution, it is far more likely that plagioclase was simply absent as a
phenocryst phase in the incoming magma. Combining the 9% olivine phenocrysts in
the incoming magma with the 8% olivine formed in-situ calculated from the MELTS
model, gives a total of 17 wt% olivine for the whole sill. Extrapolating point counting
results indicates that the whole sill is ∼ 15.8% modal olivine. Since olivine is more
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dense than the rest of the rock, this would give a slightly larger amount of olivine by
mass. Thus, all of the olivine in the sill can be accounted for through initial olivine
phenocrysts and in-situ crystallization, a separate olivine slurry is unnecessary to explain the abundance of olivine in the sill. On the other hand, if all of the olivine in the
olivine cumulate layer were concentrated in a 10.3 m thick slurry, the thickness of the
olivine layer, than it would contain 31% olivine and 10% augite by weight. Considering the large eﬀect of solid fraction on the viscosity of two-phase mixtures, it would
be nearly impossible to transport such a large crystal cargo, without even considering
the eﬀects of grain size, shape, or chemical annealing (Gilbert et al., 2017).

Figure 3.30: Comparing cumulate olivine predicted by the P-D model shows good
agreement with observed modal olivine.
P-D modeling shows that by mixing a single average olivine, augite and plagioclase composition with a parent liquid composition largely derived from the chilled
margin composition, all of the chemical variation in the sill can be explained, except
for a small amount of variation due to Fe-Ti oxide accumulation near the sandwich
horizon, minor apatite crystallization, and volatile transport of the mobile components Na and K. The P-D model is both supported by, and supports, the PERs and
MELTS modeling. Additional support for the P-D model is found in the trace ele-
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ment modeling (see trace elements below). The most important information provided
by the model is that the sandwich horizon is the result of approximately 20.5% fractional crystallization and that the incoming magma was carrying a signiﬁcant load of
approximately 9% olivine and 10% augite phenocrysts.

3.3.3

Trace Element Modeling

Trace element modeling was used to determine the quantity of crystals added or
subtracted from the chilled margin magma necessary to replicate the observed trace
element compositional variation in the 0601 sill. The ﬁrst model uses the enrichment of rare earth elements (REE) during crystallization to predict the degree of
fractionation needed to create the sandwich horizon REE concentration. Modeling
was done using Nerst and Rayleigh fractionation models, but, since the Kd values
(mineral/magma) are much less than one and crystallization is limited, the two models are nearly identical. Kds were calculated using DCalc14 (Bédard, 1994) using the
same magma composition as the P-D model (see P-D modeling), based on the chilled
margin composition, with a slight increase in MnO and P2 O5 . The same unknown
parameters as the best-ﬁt MELTS model were used; pressure = 0.06 GPa, fO2 =
QFM+1, H2 O =0.3 wt%, and temperature = 1230°C. Kds used in the model are
listed table 3.5. The Kd model does not include pigeonite so Kds for orthopyroxene
were used for pigeonite. Since the maximum amount of pigeonite in the trace element
model is only 1.66% and the Kd values for orthopyroxene and pigeonite are generally similar, varying the values has little impact on model output. Additionally, a
trace element model based on the P-D model phase proportions which do not include
pigeonite, yields similar results.
REE concentrations were calculated for 2% increments of fractional crystallization
of the chilled margin magma using the phase proportions predicted by the best-ﬁt
MELTS model as well as for the P-D model sandwich horizon phase proportions.
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Table 3.5: Kd values (mineral/magma) calculated from Bédard (1994) for trace element modeling. Orthopyroxene Kds were used for pigeonite.
Phase
La
Ce
Pr
Nd
Sm
Eu
Gd
Olivine
Augite
Plagioclase
Orthopyroxene

0.000
0.054
0.070
0.002

0.000
0.089
0.065
0.003

0.000 0.000 0.002 0.007 0.004
0.138 0.199 0.313 0.321 0.409
0.060 0.053 0.042 0.345 0.032
0.005 0.008 0.018 0.013 0.033

Phase

Tb

Dy

Ho

Olivine
Augite
Plagioclase
Orthopyroxene

0.007
0.438
0.027
0.043

0.010
0.454
0.023
0.055

0.015 0.020 0.026 0.033 0.040
0.457 0.454 0.448 0.452 0.452
0.020 0.017 0.015 0.013 0.011
0.069 0.083 0.097 0.111 0.125

Er

Tm

Yb

Lu

These were plotted normalized to primitive mantle (McKenzie and O’Nions 1991).
The three sandwich horizon samples, 110.91, 110.57, 110.44 were averaged, normalized and plotted as well as the chilled margin composition. The sandwich horizon
composition largely overlaps both the MELTS and P-D modeled sandwich horizon
REE concentrations. The concentrations at 20% and 22% fractionation also generally
overlap the sandwich horizon concentration, while the concentrations at 18% and 24%
fractionation bracket it (Fig. 3.31). This trace element model supports the hypothesis that the sandwich horizon is the result of ∼ 20.5% fractional crystallization of
the chilled margin magma. It is worth noting that the aqueous solutions for major
element analysis via DCP-AES, and those for the trace element analysis, in particular the REE analysis using the ICP-MS, were prepared separately. Thus, the strong
agreement between the two major element models, the P-D model and MELTS, and
the trace element model, is particularly impressive.
A separate trace element model was created to measure crystal accumulation in
the picrite and augite cumulate layers. The model assumes only olivine and augite
are accumulating, a good assumption based on the P-D model and thin section analyses, and that the elements Rb, Zr, Nb, Cs, La, Ce, Ta, Th, and U are perfectly
excluded in those phases. Based on the Kds of magma/olivine and magma/augite
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Figure 3.31: Trace element modeling indicates that 20.5% fractional crystalization
of the chilled margin magma would create the sandwich horizon rare earth element
concentrations.
calculated for the sandwich horizon fractionation model, this too is a good assumption. These elements were plotted against thorium, the most immobile element in
a volatile phase to check for mobilization. On this basis Rb and Cs were also discarded because they appear to have been remobilized. The remaining elements have
an average Kd olivine/magma of 0.0075 and augite/magma of 0.041. Each sample’s
trace element composition is normalized to the chilled margin composition, and the
average normalized concentration for the suite of excluded elements is averaged. This
value should represent the amount of chilled margin magma mixed with excluded
trace element-free crystals in each sample. From this, the amount of accumulated
crystals is easily calculated. The quantity of accumulated crystals predicted by the
trace element accumulation model is plotted vs. the amount of accumulated crystals
predicted by the P-D model (Fig. 3.32). Although the P-D model typically predicts about 10% more crystal accumulation than the trace element model, a strong
correlation exists between the major element and trace element models.
The advantage of the excluded trace element model for the cumulates is that it
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Figure 3.32: Comparing trace element and P-D (major element) accumulation models
shows good agreement in the trend of upwards increasing phenocryst accumulation
although the P-D model gives consistently higher values.
provides a quantitative result for each sample that can be compared with the total
crystal accumulation predicted by the P-D model. As a secondary check on the
quality of the accumulation model, a second accumulation model mixes the chilled
margin magma with trace-element free crystals and is plotted on a REE diagram. The
model for the olivine cumulates (Fig. 3.33) shows that the trace element ratios are
typically unaﬀected by crystal accumulation, and that all of the olivine horizon trace
element concentrations can be explained with accumulation of 0 – 60% crystals. The
same REE diagram also compares the augite cumulates with the same chilled margin
accumulation model. The model shows that most of the trace element variation in
the augite cumulate layer can be explained with a mix of 30 – 50% crystals with the
chilled margin magma. However, the trace element ratios are not preserved as well
as in the olivine cumulates, which is expected since augite generally has higher Kds
for excluded elements than olivine. Additionally, the europium anomaly is generally

79

Figure 3.33: Trace element modeling indicates that the trace element concentrations
of the olivine and augite cumulates is consistent with up to 60% phenocryst accumulation.
unchanged through the olivine cumulates, but, appears to be slightly smaller in the
augite cumulates, indicating a small amount of plagioclase accumulation.
Most of the trace element variation in whole rock samples of the olivine and
augite cumulate layers can be modeled by diluting the chilled margin magma with
trace element-free crystals. Similarly, concentrating incompatible trace elements in
the same parent magma through fractional crystallization can account for most of
the trace element variability in whole rock samples of the diabase. Thus, the trace
element models show that the majority of the trace element variability observed in
the 0601 sill can be explained through closed system in-situ fractional crystallization.
Additionally, the trace element models provide independent support of the phase
proportions and degrees of accumulation predicted by the major element P-D and
MELTS models.
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3.3.4

MELTS

MELTS (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998) was used to calculate
liquid lines of decent (LLDs), liquidus phase assemblages, and phase compositions
during fractional crystallization of the 0601 sill magma. Simulations were done using
a large range of possible variables; H2 O = 0.1 – 1.0 wt%, P= 100 – 1000 bars, and
fO2 = QFM, QFM+1, and QFM+2. Most models used the lower chilled margin
composition as the starting liquid composition, but other models were done using the
upper chilled margin composition, the average upper and lower chilled margins, the
bulk sill, the bulk diabase, the bulk picrite, and the most maﬁc sample compositions.
The major elements SiO2 , TiO2 , MgO, Fe2 O3 t (MELTS calculates FeO/Fe2 O3 based
on fO2 ), CaO, Al2 O3 , Na2 O, K2 O, MnO, and P2 O5 were used for all models. Some
models also included Cr2 O3 , NiO, and CoO.
The ﬁt of MELTS simulations were assessed using a variety of criteria. 1) Order of
crystallization- based on petrographic analyses of thin sections, a crystallization order
of olivine ->augite ->plagioclase was expected. 2) MELTS initial olivine composition,
should be close to the composition of the most primitive olivines probed, Mg# 89.6. 3)
Average mineral compositions; parent-daughter (P-D) modeling with average MELTS
mineral compositions should provide a good ﬁt in the picrites and diabase. Generally
more primitive compositions give a better ﬁt in the picrites and more evolved compositions give a better ﬁt in the diabase, the best ﬁt parent-daughter model and MELTS
model compromise between the two units. 4) Comparison of the liquid composition
at 20.5% crystallization in the MELTS model, which is the amount of fractionation
of the most evolved sample according to P-D modeling, should be close to whole rock
data from the sandwich horizon and to the modeled rock composition from the P-D
model. 5) Whole sill olivine content; the MELTS model should crystalize enough
olivine that, the olivine crystalized in the model using the chilled margin magma as
the starting liquid, plus the estimated olivine phenocrysts in the incoming magma,
81

should approximately equal the whole sill olivine concentration.

Figure 3.34: MELTS phases and cumulative masses crystallized by temperature.
Dashed line is 20.5% crystalization, which corresponds to the sandwich horizon in
the P-D model.
MELTS predicted 8 wt% olivine would crystalize from the chilled margin composition (Fig. 3.34). The P-D models predict the incoming magma was carrying
9 – 10 wt% olivine phenocrysts. Extrapolating point counting data by assigning a
thickenss to each sample, according to the amount of rock it represents, shows that
whole sill modal olivine is ∼ 15.8%. Assuming an olivine density of 3.3 gm/cm3 , and
the remaining diabase has a density of 2.9 gm/cm3 , then the whole sill is 17.6 wt%
olivine, while MELTS and P-D modeling predict a total of 17-18 wt%. While the
density of olivine and diabase are composition dependent, any reasonable values give
similar results. Direct comparison between whole rock chemistry and MELTS LLDs
was rarely used because most of the rocks in the sill are cumulates of a combination of olivine, augite and plagioclase. Cumulate samples should not, and do not ﬁt
along MELTS predicted LLDs. PER plots are used to compare the compositions of
crystal-free rocks with the MELTS LLDs (Figs. 3.21-3.23).
Based on the above criteria, the best-ﬁt model uses the lower chilled margin
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Figure 3.35: Compositional evolution of parent liquid from liquidus until 1000°C.
Dashed line is 20.5% crystallization, which corresponds to the sandwich horizon in
the P-D model.
composition as the starting liquid composition, fO2 =QFM+1, H2 O = 0.3 wt% and P
= 600 bars. This is the same oxygen fugacity used in PELE modeling by Hayes et al.
(2015), calculated with QUILF (Andersen et al., 1993) that bracketed the fO2 range
of the sill between QFM+1 and QFM+2. It is possible that plagioclase in the 0601
sill is slightly enriched in FeOt, probe values are typically between 0.5 and 1.0 wt%,
which also implies a higher oxygen fugacity (Sugawara; 2000, 2001), but no eﬀort
has been made to extrapolate quantitative fO2 values from this data. Additionally,
country rock contamination may contribute to the slightly elevated oxygen fugacity
in the 0601 sill.
The best-ﬁt MELTS model used a pressure of 600 bars. This is roughly consistent
with a depth of 1.9 km. This is within a reasonable range of values, based on the
local stratigraphy, largely dependent on the timing between the sill injection and
ﬂood basalt eruptions. The PELE modeling of Hayes et al. (2015) uses CO2 = 0.2
wt%, S = 0.12 wt% and H2 O = 0.2 wt%. They selected a water content based on
the presence of biotite and hornblende rims on primary igneous phases in some of the
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Figure 3.36: MELTS density calculations indicate that plagioclase is neutrally
bouyant until magnetite saturation, well beyond the 20.5% crystalization calculated
for the sandwich horizon.
Franklin Sills. The best-ﬁt MELTS model excludes CO2 , S, F, and Cl, since these
are not thermodynamically active components in MELTS. H2 O was set at 0.3 wt%,
close to the 0.2 wt% H2 O used by Hayes et al. (2015).
MELTS parameters are outlined above and in Methods section. Resulting liquid
composition is plotted in Fig. 3.35 and is summarized in Tab. A.1 in the appendix,
QFM+1 key events Tab. (3.6) and QFM+2 key events (Tab. 3.7) are summarized
below, LLDs are plotted on PER plots (Figs. 3.21-3.23), and the MELTS liquid composition at 20.5% fractional crystallization is plotted alongside the sandwich horizon
in P-D model plots for comparison (Figs. 3.24-3.28).
Comparing the MELTS models at QFM+1 and QFM+2 shows signiﬁcant diﬀerences in magma evolution caused by the increased oxygen fugacity. The crystallization
order changes from ol ->ol + cpx ->ol + cpx + plag ->cpx + plag ->cpx + plag + pig
at QFM+1 to ol ->cpx –>plag ->cpx + plag + opx during the ﬁrst 30% of crystallization at QFM+2. At QFM+2, olivine crystallization is limited to 5.0% because it
abruptly stops crystalizing when augite appears on the liquidus. This is inconsistent
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with the large amount of olivine present in the augite cumulates and our estimation of
total olivine in the sill. The occurrence of orthopyroxene saturation before pigeonite
saturation in the QFM+2 model is also contrary to thin section observations, which
show an abundance of pigeonite relative to orthopyroxene in the augite cumulate
layers and diabase, where orthopyroxene is generally restricted to rims on other pyroxenes. Finally, comparing the LLD on PER plots with the diabase samples shows
that the QFM+1 model is generally a better ﬁt to the sampled rocks. These are the
most important diﬀerences between the two MELTS models that indicate that the
QFM+1 model is a much better ﬁt; the QFM+1 model is referred to as the best-ﬁt
MELTS model throughout the rest of this work.
Table 3.6: Temperature and percent crystallization of key
events in best-ﬁt MELTS model with olivine, augite, plagioclase, and pigeonite, masses and compositions.

Olivine

Augite

Event

T (°C)

%XLS

Wt%

Mg#

Wt%

Mg#

Begin Ol

1243

0.0

0.0

86.5

Begin Aug

1172

7.0

7.0

82.9

0.0

79.0

Begin Pl

1171

7.7

7.0

82.7

0.7

End Ol

1162

16.6

7.8

81.5

Begin Pig

1161

16.7

20.5% XLS

1158

20.5

Plagioclase
Wt%

An#

78.9

0.0

78.2

4.9

77.5

3.9

76.7

7.8

4.9

77.4

4.0

7.8

5.8

76.9

5.7

Pigeonite
Wt%

Mg#

76.7

0.0

76.4

76.1

1.2

75.8

The best-ﬁt MELTS model predicts a liquidus temperature of 1243 °C for olivine,
which has an initial composition of Mg# 86.5. After 7% fractional crystallization, at
1172 °C, augite begins crystalizing with an initial Mg# of 79.0 and olivine is Mg#
82.9. Plagioclase begins crystalizing shortly after at 7.7% total crystallization (7%
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olivine, now Mg# 82.7, and 0.7% augite, now Mg# 78.9). Initial plagioclase is An#
78.2. Despite representing a small temperature interval of only 1.2 °C, and just 0.7 %
crystallization, this small interval likely played a major role in the development of the
0601 sill. This interval would be responsible for the formation of the augite cumulate
layer in the sill. It is also worth noting that the arrival of plagioclase on the liquidus
causes a slight NiO enrichment in the liquid composition, which is recorded in the
MELTS olivine composition. NiO enrichment in the liquid is dependent on the Kd
of NiO in augite, which is 0 in MELTS, but is a non-zero small value in nature. It is
possible that a similar NiO enrichment caused by the growth of interstitial plagioclase
and augite is responsible for the occasional NiO enriched rims of olivines in the upper
most olivines of the sill (also reported by Hayes et al., 2015).
Table 3.7: Temperature and percent crystallization of key
events in MELTS QFM+2 model with olivine, augite, plagioclase, and orthopyroxene, masses and compositions.

Olivine
Event

T (°C)

%XLS

Wt%

Mg#

Begin Ol

1229

0.0

0.0

88.6

End Ol

1175

5.0

5.0

86.5

Begin Aug

1175

5.0

Begin Pl

1168

Begin OPX
20.5Begin Pig

Augite
Wt%

Mg#

5.0

0.0

78.0

9.3

5.0

4.3

1168

10.0

5.0

1145

30.3

5.0

Plagioclase
Wt%

An#

77.0

0.0

87.5

4.6

76.5

0.4

11.2

73.2

9.6

OPX
Wt%

Mg#

87.5

0.0

83.6

84.7

4.6

81.2

Olivine crystallization ends at 1161.64 °C after 16.6 % total crystallization. This
point would coincide with the top of the augite cumulates where olivine disappears.
Total olivine crystalized in the model is 7.8% and the ﬁnal olivine is Mg# 81.5. Augite
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is now the dominant phase, 4.9%, Mg# 77.4 and plagioclase is 3.9%, An# 76.7. This
corresponds to the diabase immediately overlying the augite cumulates where augite
and plagioclase appear as cumulus phases. These samples are the diabase rocks
enriched in Si/Ti on the PER plots. At 1161 °C, pigeonite crystallization begins,
with initial Mg# 76.4.
At 1157.84 °C, 20.5% crystallization is achieved, which is the expected crystallization of the sandwich horizon based on P-D modeling. MELTS predicts 1.2% pigeonite
crystalized by this interval, 5.8% augite crystallization (Mg# 76.9) and 5.7% plagioclase (An# 76.0). If the ﬁrst 1% of augite crystallization is concentrated in the augite
cumulate layer, then the remaining crystallization between the augite cumulates and
sandwich horizon should be increasingly dominated by plagioclase, which is the same
trend we observe in the point counting data; modal augite goes from 44% at the base
of the diabase to a low of 31% in sample 109.035 just above the sandwich horizon
while modal plagioclase goes from 52% to 60% in the same interval.
The MELTS model shows a crystallization sequence that agrees with the petrographic evidence, P-D model results, and PER plots. The agreement between
observations and various models provides strong evidence in support of the formation
of the 0601 sill through the injection of a phenocryst bearing magma, initial crystal
settling, and in-situ diﬀerentiation. Most importantly, the MELTS model shows that
the mineral and chemical variation observed in the sill can be explained with a simple
thermodynamic model of chilled margin magma crystallization.

3.4
3.4.1

Discussion and Conclusions
Discussion

Variations in whole rock major and trace element composition, mineral composition,
modal mineralogy and crystal size distributions all indicate well ordered trends in87

dicative of crystal settling and in-situ diﬀerentiation (Cawthorn et al., 2017). These
results show that an olivine and augite phenocryst bearing magma was emplaced in
a single injection event, followed by crystal settling and in-situ diﬀerentiation. The
sill lacks any chemical or textural reversals diagnostic of multiple injections, nor is
there signiﬁcant reverse zoning or melt-crystal or crystal-crystal disequilibria that
would require some form of magma mixing to explain. Instead, we have found highly
predictable systematic trends, the result of well-ordered processes.
The data indicate a model for the formation of the 0601 sill in which ﬁrst an olivine
and augite-phyric magma was emplaced in a single intrusive episode (Fig. 3.37 Panel
1). The olivine and augite phenocrysts in the magma were likely fractionated from
earlier Victoria Island magmas lower in the magma plumbing system. P-D modeling
indicates that there is an excess of olivine and augite in the sill, thus, these phases
must have been present in the initial magma.
After initial emplacement, olivine and augite phenocrysts and chromite microphenocrysts began settling through the magma and accumulating at the base of the
sill (Fig. 3.37 Panel 2). While entrained phenocrysts settled through the magma
chamber, crystallization began at the upper and lower chilled margins. The upwardscrystalizing ﬂoor sequence provided a relatively solid framework upon which phenocrysts could settle and accumulate while in-situ diﬀerentiation worked to crystalize
additional olivine. The combination of crystal settling and upwards crystallization
from the ﬂoor caused the upwards increase in modal olivine (Fig. 3.37 Panel 3).
Since in-situ diﬀerentiation was an important process, olivine composition was evolving upwards. Olivine that crystalized in-situ would have formed in equilibrium with
the melt, while phenocrysts that entered with the magma would have re-equilibrated
with surrounding melt. Upwards accumulation and diﬀerentiation combine to cause
low modal olivine in the base of the olivine zone, with high olivine Mg# and NiO,
but low whole rock Mg# and NiO, while the upper olivine cumulates have high whole
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Figure 3.37: 1) Emplacement of olivine (green triangles) and augite (yellow rectangles) phenocryst-bearing magma 2)Settling of initial phenocrysts and early in-situ
diﬀerentiation 3)Continued in-situ diﬀerentiation and upwards percolating evolved
melt 4)Evolved melt ponds to form the sandwich horizon (orange).
rock Mg# and NiO, but evolved low Mg# and NiO olivine. Similarly, there is an
inverse relationship between olivine Mg# and olivine mode, the opposite trend as predicted by trapped liquid re-equilibration. Chromite is not crystalizing in situ, but is
only accumulating from chromite micro-phenocrysts carried into the sill during initial
magma emplacement, thus, whole rock Cr is increasing upwards, but the chromite
composition does not vary with height in the sill.
After ∼ 7% olivine crystallization, augite joined olivine as a liquidus phase. During a short temperature, and thus likely time interval, a signiﬁcant quantity of augite
crystalized, co-precipitating with a minor amount of olivine. This rapid, augitedominated crystallization led to the formation of the augite cumulate layer. The
rapid augite crystallization in a slowly cooled rock caused well-developed sector zon-
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ing within augite crystals, despite the strong whole rock equilibrium texture. Olivine
crystal size steadily increased until the augite cumulate layer, where the end of olivine
crystallization prevented olivine crystals from reaching larger sizes. Chromite microphenocrysts are present but scarce in the augite cumulate layer indicating that the
accumulation of initial phenocrysts continued until at least the end of olivine crystallization and accumulation. It is unlikely that chromite grew in-situ in the layer since
augite crystallization would deplete the magma Cr content, and prevent any in-situ
chromite crystallization.
Above the augite cumulate layer, augite accumulation continued as plagioclase
accumulation likely began, or increased. It is possible that limited plagioclase accumulation occurred in the augite cumulate layer or even olivine cumulate layer, but due
to the nature of plagioclase texture, mineral chemistry and the resolution of modeling
techniques, it is unclear. Regardless, augite and plagioclase accumulation continue
and decrease upwards until a height of ∼ 17 m. From 17 m to 22 m height, there is
no cumulus olivine, augite, or plagioclase. Whole rock major and trace element concentrations indicate depletion of compatible elements and enrichment in incompatible
elements. From 18 – 18.5 m, a sandwich horizon formed (Fig. 3.37 Panel 4) containing the most evolved magma in the sill. P-D and MELTS modeling indicates major
element concentrations consistent with ∼ 20.5% fractional crystallization of olivine,
pyroxene, and plagioclase, while trace element modeling indicates incompatible trace
element enrichment consistent with 18 – 22% fractionation. The sandwich horizon
contains the largest crystals in the sill with the most evolved compositions, consistent
with being the slowest cooling part, perhaps aided by enrichment in a ﬂuid phase.
During crystallization of the sandwich horizon, the upper border sequence was of
suitably high permeability to trap an increasing amount of H2 O and other volatiles
in the evolving magma. At some point, before complete solidiﬁcation, the roof sequence fractured, causing a rapid pressure drop in the remaining magma. The rapid
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drop in pressure led to rapid volatile exsolution causing sudden super-saturation of
augite, plagioclase, and Fe-Ti-oxide. These phases rapidly precipitated leading to
elongate bladed augite and plagioclase crystals, and large skeletal opaques. The released volatiles percolated up through the sill creating the vesicles found in the roof
sequence diabase.
Above 22 m height, augite accumulation resumes. Again, it is unclear what role
plagioclase accumulation played in the formation of the roof sequence, but it likely
played a minor role as well. Augite accumulation increases upwards, while olivine
depletion decreases, indicating that the roof sequence likely experienced a similar
diﬀerentiation trend to the ﬂoor sequence, but, due to gravity settling, lost a portion
of its crystals to lower parts of the sill, or evolved melt was expelled from the ﬂoor
sequence crystal mush and mixed with the roof sequence magma.
During crystallization, small amounts of country rock were mixed and partially
assimilated with the magma. Host rock contamination is common in Victoria Island
sills above the augite cumulate layer and may be the result of mixing host rock from
the feeder dikes or sills. Other samples show local limited mixing. The mixing of
sedimentary rocks with the magma clearly had an eﬀect on sulfur saturation, since
all of the contaminated rocks contain abundant sulﬁdes. A zone of partly assimilated
xenoliths lies stratigraphically above the olivine and augite cumulate layers, suggesting that the xenoliths were slowly settling in the sill and came to rest after the faster
settling olivine and augite had accumulated on the ﬂoor of the sill.
Late stage and post-igneous hydrothermal alteration also left their signatures on
the sill. Parts of the olivine cumulate layer show extensive serpentinization of olivine
and limited albitization of plagioclase. The roof sequence diabase shows extensive
hydrothermal alteration. Many lower samples are depleted in elements easily carried
in volatile ﬂuids (Na, K, Ba, Rb, Cs), while higher samples, typically the ones with the
most vesicles, contain an abundance of these elements. While its eﬀects are limited,
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hydrothermal alteration provided an important contribution to the ﬁnal rock record.

3.4.2

Discussion of Lower Pyramid Sill

Since the LPS and 0601 sills are both highly diﬀerentiated sills from the same magmatic event, and in close geographic proximity on Victoria Island, it is likely that
compositional variations in the two sills formed via similar mechanisms. Many of the
observations of the LPS by Hayes et al. (2015) correlate closely with similar observations in the 0601 sill. There are, however a few key distinctions, some of which may
be caused by diﬀerent sampling density and interval spacing, and others that may be
deeper rooted in emplacement and diﬀerentiation mechanisms. It is unlikely, however, that two seemingly identical olivine layers were formed by two vastly diﬀerent
mechanisms. Below, the diﬀerent observations of the two sills are summarized, and
then the slurry replenishment model of Hayes et al. (2015) is tested against the two
data sets, to show that their observations and the 0601 sill data can be interpreted
to ﬁt a single pulse model of sill formation.
In the olivine zone in the LPS, modal olivine jumps from 10 – 15% to 40% in
just a few centimeters. In the 0601 sill, modal olivine steadily increases from 20 to
40% over the course of nearly 5 meters. In the LPS, modal olivine immediately drops
to 5% when entering the clinopyroxene zone, while in the 0601 sill, however, modal
olivine steadily decreases throughout the augite cumulate layer, with 31.2% in the
lower sample and 4.7% in the upper sample.
Chromite micro-phenocrysts are abundant in the olivine zones of both sills, but,
chromites are not observed in the clinopyroxene zone in the LPS, while they were
found in the augite cumulate layer in the 0601 sill. Cr-spinels are interpreted by
Hayes et al. (2015) to be inclusions when found in olivine, but embedded grains
when found in clinopyroxene and plagioclase. There was not suﬃcient evidence to
indicate such a distinction in the 0601 sill.
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In the LPS, modal plagioclase and clinopyroxene are considered constant in the
dolerite zone, while in the 0601 sill, modal pyroxene increases and modal plagioclase
decreases towards the sandwich horizon. Additionally, in the LPS, pyroxene and
plagioclase make up about 80% of the dolerite zone modally, but are typically over
90% in the 0601 sill.
The 0601 sill contains abundant xenolith contamination in the lower diabase,
however, there is no mention of xenolith contamination in the LPS. Since Hayes et
al. (2015) collected samples from the outcrop, it is possible that they identiﬁed and
avoided areas of obvious contamination while sampling. It is worth noting, that while
the contamination of some samples is obvious in hand sample, the contamination of
other samples is only revealed through whole rock chemical analysis.
The upper chilled margin of the LPS is the only sample in which amygdales are
noted in thin section and they make up <5%, and are ﬁlled with biotite and chlorite.
Amygdales in the 0601 sill are far more varied, occurring in several samples from the
roof sequence, have a larger size range, and while some contain mostly biotite and
chlorite, in other samples, many are ﬁlled with calcite and quartz, and are associated
with opaque oxides and sulphides. It is possible that similar sulphides found in the
dolerite zone of the LPS and diabase of the 0601 sill share a common origin. Hayes et
al. (2015) interpreted these sulphides as an interstitial phase, it is however, likely that
these sulﬁdes are connected to host-rock assimilation and late-stage hydrothermal
processes since, in the 0601 sill they only occur in conjunction with xenoliths or
vesicles.
It is clear that the Lower Pyramid Sill is similar to the 0601 sill in many ways.
Both sills have basal olivine cumulate layers, overlain by a thin augite cumulate layer,
and then a layer of diabase. However, the model proposed by Hayes et al. (2015)
for the formation of the LPS is signiﬁcantly diﬀerent than the model proposed here
for the 0601 sill. Did both sills form through the same processes, or are these sills
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only superﬁcially similar? Many of the observations of Hayes et al. (2015) appear
to be more consistent with a single pulse model than a slurry replenishment model,
especially in comparison with the Palisades Sill Olivine Horizon, which has a basal
olivine layer with a well established origin as an olivine slurry. Several interpretations
of the LPS pivotal to their model are inconsistent with observations of the 0601 sill.
Raw data presented by Hayes et al. (2015), suggests some of their observations and
interpretations may be inconsistent with their own data. On the other hand, some of
their observations are diﬃcult to explain with a simple model of crystal settling and
in-situ diﬀerentiation of a single homogenous pulse of magma.

Figure 3.38: Whole rock MgO content in the olivine cumulates and augite cumulates
in the 0601 sill and LPS (plotted vs. relative height) follow similar trends caused by
increasing olivine accumulation, but are signiﬁcantly diﬀerent from the MgO tend in
the Palisades Sill olivine horizon. Palisades Sill olivine horizon thickness = 6.8 m,
0601 Sill olivine cumulate thickness = 10.24 m, and LPS olivine cumulate layer = 9.0
m.
In the 0601 sill, modal olivine gradually increases from the lower chilled margin
until a maximum modal olivine content is reached near the top of the olivine zone.
On the other hand, estimated modal olivine in the LPS jumps 20% over the course
of 5 cm. Their data, however, was obtained via visual estimation, which, particularly
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for olivine, can be signiﬁcantly aﬀected by the degree of alteration. Modal olivine in
the 0601 sill was determined by identifying and measuring 1000 crystals in each thin
section analyzed. Whole rock MgO is clearly a function of olivine mode in the 0601
sill, and this is likely also the case for the LPS. Whole rock MgO in both sills steadily
increases from the lower chilled margin to a maximum towards the top of the olivine
cumulates, and then declines into the augite cumulate layer (Fig. 3.38). Whole rock
MgO in the 0601 sill and LPS shows no indication of a break in the geochemical trend
as would be expected if there was a signiﬁcant jump in modal olivine.

Figure 3.39: Whole rock TiO2 content in the olivine cumulates and augite cumulates
in the 0601 sill and LPS (plotted vs. relative height) follow similar trends caused
by increasing olivine accumulation while TiO2 in the Palisades Sill olivine horizon
appears to vary randomly.
Incompatible trace elements, as well as TiO2 , in the 0601 sill and LPS have nearly
identical patterns (Figs. 3.39-3.41) throughout the olivine and augite cumulate layers
of both sills. Since these elements are incompatible in olivine, augite, and plagioclase,
their concentrations should be largely tracking the crystal-melt ratio. The pattern
is incredibly well ordered, showing a steady increase in cumulus crystals upwards,
until a maximum near the top of the olivine cumulates, then a slight decline entering
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Figure 3.40: Whole rock Nd content in the olivine cumulates and augite cumulates
in the 0601 sill and LPS (plotted vs. relative height) follow similar trends caused by
increasing olivine accumulation while Nd in the Palisades Sill olivine horizon appears
to vary randomly.
the augite cumulate layer. Additionally, the trends of the incompatible elements
are mirror opposites of the MgO trend in the olivine and augite cumulates. The
overlying diabase of both sills show small, but signiﬁcant, incompatible trace element
enrichment patterns in the diabase, with a maximum concentration reached at the
sandwich horizon in the 0601 sill and at ∼ 16 m height in the LPS 3 meters below
the sample they interpreted as the sandwich horizon based on mineral chemistry.
Hayes et al. (2015) suggest that olivine mineral chemistry shows no indication of
in-situ diﬀerentiation. They speciﬁcally point out, “Given the extreme compatibility
of nickel in olivine, nickel in accumulated olivine should show a marked and rapid
up-section decrease, a pattern that is not observed in the LPS OZ.” However, in their
description of olivine mineral chemistry (Figs. 3.42) , they describe NiO in olivine as
generally decreasing upwards from the base of the still to the top of the olivine zone,
lower chilled margin olivine is ∼ 0.32 wt% NiO in the core, and 0.28 wt% in the rim,
then lower border zone olivine is 0.29 wt% core, 0.2 wt% rim, the lower olivine zone
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Figure 3.41: Whole rock Pr content in the olivine cumulates and augite cumulates
in the 0601 sill and LPS (plotted vs. relative height) follow similar trends caused by
increasing olivine accumulation while Pr in the Palisades Sill olivine horizon appears
to vary randomly.
shows a larger range of core NiO contents, 0.4 – 0.25 wt% and 0.2 wt% in the rims,
and then the middle and upper olivine zones have less than 0.22 wt% NiO. Based on
their own description, NiO in olivine decreases up section from an average of ∼ 0.3
wt% to an average of 0.18 wt%. Based on the high Kd of NiO in olivine, 7-12%
olivine crystallization should reduce the NiO content in olivine by half (Sato 1977).
Their own reported PELE modeling predicts 11% olivine crystallization.
Their PELE modeling predicts a range of olivine compositions from Fo88 to Fo75,
which closely matches the observed range of olivine compositions they observed.
Olivine Mg# clusters around 85 in the lowest probed olivine, and clusters around
75 in the highest probed olivine in the LPS (Fig. 3.43). Olivine chemistry in the
LPS generally evolves up-section. However, olivine at 0.2 m above the chilled margin
plots lower in MgO, than the rest of the trend. It is possible that all of the olivine
probed in this thin section (10 analyses) are in fact groundmass olivines, recording
local diﬀerentiation, and are not phenocrysts, recording the sill’s magmatic evolution.
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Figure 3.42: Olivine NiO content (plotted vs. relative height) in the olivine cumulates
and augite cumulates in the 0601 sill and olivine cumulates in the LPS (no data is
provided for olivine composition in the LPS augite cumulates) show a systematic
upwards decrease from around 400 ppm near the chilled margin to 200 ppm at the
top of olivine accumulation, consistent with 8-12% olivine crystalization. Red symbols
are olivine cores, blue are rims.
On the other hand, the sample is only 0.2 m from the base of the sill, and may be
recording a bit of heterogeneity in the inﬁlling magma or wall rock contamination.
Further analysis would be helpful. Regardless, the dominant trend in olivine Mg# in
both sills cannot be ignored or dismissed. Combined with the mineral chemical analyses of the 0601 sill, there is an undeniable evolution in olivine composition from the
lower chilled margin until the end of olivine crystallization. These trends are indeed
messy; although analytical variability, natural variation, local re-equilibration, and
over 700 Ma of hydrothermal alteration may have muddied the waters, they should
not be ignored.
The model of Hayes et al. (2015) is focused on explaining the existence of reversely
zoned olivines in the olivine zone. Variations of <1 mol% between analyses are
interpreted as representing reversed zoning trends. However, no element maps or back
scattered images are presented to support the interpretation of reverse zoning. A back
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Figure 3.43: Olivine Mg# (plotted vs. relative height) in the olivine cumulates and
augite cumulates in the 0601 sill and olivine cumulates in the LPS show a systematic
upwards Fe-enrichment trend. Red symbols are olivine cores, blue are rims. The
Palisades Sill olivine horizon shows a more random variation of olivine Mg# and
height
scatter electron image and four spot analyses of a “reversely zoned” olivine from the
upper olivine horizon of the LPS are presented as the best example of the reversely
zoned olivines the model is dependent upon (Fig. 3.44). However, careful examination
of the bse image shows that the brightness of the image, which is controlled by the
Fe/Mg content, is steadily decreasing from the bottom of the crystal to the top of
the crystal. A transect of equal length in the opposite direction would undoubtedly
show equally strong normal zonation. While the crystal is interesting and should not
be ignored, it does not show reverse zoning caused by magma mixing. Instead, it
likely shows a crystal that re-equilibrated with upwards percolating evolved melt to
diﬀerent degrees in diﬀerent parts of the crystal due its spatial relation with other
phases.
Similarly, they present analysis of olivine phenocryst 166A2 as a representative
analysis of reverse zoning since core MgO is 44.7 wt% while mantle MgO is 46.5 wt%.
First, discerning between crystal core and mantle in thin section is not an unbiased
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Figure 3.44: A back-scatter electron image of a ”reversely zoned” olivine presented by
Hayes et al. (2015): Image brightness, which is controlled by the Fe/Mg content, is
steadily decreasing from the bottom of the crystal to the top of the crystal. Numbers
are sample numbers not referenced here.
task, but is instead dependent on interpretation. More importantly for this analysis,
the MgO poor core only has 0.5 wt% FeO more than the mantle, but is also an
order of magnitude higher in Al2 O3 , Cr2 O3 , and CaO than any of the other olivine
crystals analyzed. The spot analyzed may border a small augite inclusion, which has
aﬀected the analysis. It certainly does not represent a typical olivine analysis, and
it should have been discarded instead of presented as a representative analysis. The
only actual evidence for reverse zoning presented is a single olivine, 167A4, which
has a 3.4 mol% increase in Fo from core to rim. A more robust data set could be
convincing. When combined with the microprobe analyses of the 0601 sill that show
little indication of reverse zoning, the signiﬁcance of the few reverse zoned olivines in
the LPS should be reduced to outlier status. Considering the abundance of host-rock
contamination observed in the 0601 sill and especially the well documented eﬀects of
dolostone contamination in the LPS and Peneplain Sill (Hayes et al., 2015b) it seems
likely that local dolostone assimilation may be responsible for the reverse zoned olivine
in the upper olivine zone of the LPS.
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Hayes et al. (2015) propose that the augite cumulate layer is the result of mixing
between more primitive melt being compacted and expelled from an olivine slurry
and the overlying diabasic melt. However, thin sections from the 0601 sill show two
key pieces of data missing from their sampling of the LPS. First, olivine decreases
after the increase in cumulate augite, not before. The lower sample from the augite
cumulate layer in the 0601 sill has abundant olivine (modal 31.2%), only the second,
higher sample has minor ( modal 4.7%) cumulus olivine. Most importantly, the same
chromite micro-phenocrysts found throughout the olivine cumulates are also present
in the augite cumulate layer. It seems highly unlikely that such dense crystals would
be compacted out of an olivine slurry and ejected upwards during hybridization.
Similarly, augite crystallization would buﬀer the Cr content in the magma, preventing
it from reaching chromite saturation. Thus, the chromite crystals found in the augite
cumulate layer should be considered a part of the initial crystal cargo in the incoming
magma, that then settled through the sill, likely slowed by incorporation as inclusions
in other phase, for which they may well have served as nucleation sites.
Hayes et al. (2015) interpret the clinopyroxene zone to be the result of rapid
crystallization due to the presence of sector zoned augites. The interpretation of rapid
augite crystallization is probably sound, however, the cause of rapid crystallization
may not be the result of magma mixing as suggested by Hayes et al. (2015). The
rock has an equigranular texture with nearly identical grain sizes for olivine, augite
and plagioclase, showing that the whole rock was slowly cooling. Additionally, triple
junctures with similar dihedral angles are a common feature in the rock. While
crystals are slightly ﬁner than the underlying olivine cumulates, this is more likely
caused by the appearance of two new phases on or near the liquidus, competing for
room to grow, as opposed to rapid crystallization.
Hayes et al. (2015b) suggest that there were two magma pulses on the basis
of sulfur isotopes. There are eight sulfur isotope analyses from the LPS and seven
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Figure 3.45: Sulfur isotopes from the LPS and Peneplain sill are presented in Hayes
et al. (2015b) to show that the diabase and olivine zone are derived from separate
magma pulses, but, the presence of abundant sulphides associated with host rock
contamination in the diabase indicates that in-situ sulfur contamination is the likely
cause of the S-isotope variability.
analyses from the Peneplain Sill (PS). Since the olivine zone and clinopyroxene zone Sisotope ratios are generally constant, while the dolerite zone ratios vary, they interpret
this as evidence of two separate magmatic pulses. The 0601 sill contains several
locations where country rock has locally mixed with the magma, a few in the olivine
cumulates, many in the diabase. Each one of these assimilation events is associated
with local sulﬁde precipitation. Thus, based on these observations and modeling,
S-isotopes in the 0601 sill would be expected to follow a similar pattern to that of
the LPS and PS, as a result of contamination rather than two separate magmas.
Additionally, they interpret the lower and upper chilled margins to be formed from
the same dolerite zone magma, but, these two samples have the greatest disparity in
S-isotope ratios (Fig. 3.45).
Hayes et al. (2015) concluded that their PELE modeling was “broadly compatible
with the observed compositions and textures in the LPS OZ”. However, they dismiss
the model on the basis of a discrepancy of 1.5 wt% MgO in the PELE model’s magma
and their calculated MgO magma concentration based on clinopyroxene equilibrium.
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However, they do not consider the possible role of primitive augite crystals in the
incoming magma. Additionally, the sort of many-component system thermodynamic
modeling that MELTS uses (PELE is based on MELTS) should not be expected
to have that level of resolution (Asimow personal communications 2015). Modeling
of olivine-augite Fe/Mg partition in the 0601 sill shows good agreement between
olivine and augite Fe-Mg ratios in all olivine cumulate samples with the exception
of high Fe in augite in the lowest probed sample. This inconsistency is interpreted
as resulting from an inability to identify and analyze cumulus augite in the sample,
due to augite crystal size. MELTS modeling of the 0601 sill also predicts augite core
compositions with MgO contents higher than those observed in the sill, but, this is
a minor inconsistency that may suggest equilibration with more evolved interstitial
melt, and is not grounds for dismissal of the entire model.
When assessing the role of closed-system fractional crystallization, Hayes et al.
(2015) state that PELE modeling predicts 8% olivine-only crystallization and a total
of 11% olivine crystalization. They also claim that the chilled margin sample contains
modal 5% olivine phenocrysts, which converts to 5.6 wt%. They also estimate that
the whole of the LPS is ∼ 15-20% olivine by volume, which converts to 16-22 wt%.
Combining the 8% or 11% olivine formed in-situ in their PELE modeling with the
5.6 wt% in phenocrysts in the chilled margin, gives 13.6 or 16.6 wt% olivine for the
whole sill. Considering the eﬀects of ﬂow diﬀerentiation, it is likely that the 5% modal
olivine in the chilled margin represents a minimum value for olivine phenocrysts in
the incoming magma (Komar 1972). Thus, based on the modeling and observations
of Hayes et al. (2015) there is no need to invoke a separate olivine slurry to account
for the abundance of olivine in the sill. Similar calculations for the 0601 sill show an
uncanny level of agreement between the amount of olivine crystalized in-situ, olivine
phenocrysts in the incoming magma, and total olivine in the sill (discussed extensively
in MELTS and P-D modeling sections).
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If the whole sill contains 15 – 20% olivine by volume, then concentrating this
olivine in a 7 m thick slurry would require the slurry to contain 45 – 60% olivine by
volume. They indicate that some of the olivine formed in-situ and that some came in
as phenocrysts in the initial melt, which would decrease the amount of olivine needed
in the slurry. Based on major elements, they propose that the olivine slurry contained
20-25% olivine (Hayes et al., 2015b). Condensing all of the olivine phenocrysts in the
0601 sill, into a slurry the thickness of the 0601 sill olivine cumulate layer, would
require a slurry containing 31 wt% olivine. However, the 0601 sill also contains
considerable augite phenocrysts, thus, the whole slurry would need to be carrying
over 40% phenocrysts by mass. Two-phase ﬂuids with such high solid fractions have
such high eﬀective viscosities that they are unlikely to ﬂow.
Hayes et al. (2015) proposed that a magma carrying 20-25% olivine hybridized
with melt from the gabbro to create the olivine zone. However, they describe the
transition from the lower border zone to the olivine zone as showing a sudden jump
to 40% modal olivine and estimate maximum modal olivine in the olivine zone as
reaching 55%. In the 0601 sill, modal olivine increases upwards through the olivine
cumulates from 19% just above the base to a maximum of 58%, before declining
through the augite cumulate layer. It is unclear how a slurry carrying 20-25% olivine
would create rocks with 40 - 55% modal olivine by hybridizing with additional magma
without signiﬁcant crystal settling, compaction, or in-situ diﬀerentiation.
The Hayes et al. (2015) model proposes three melts involved in the formation of
the LPS, the initial dolerite melt, the melt in the replenishing olivine slurry, and a
hybrid melt resulting from the mixing of the two initial melts. REE concentrations
in the 0601 sill vary by the degree of crystal fractionation or accumulation in the
sample, but REE ratios in the 0601 sill are generally consistent throughout the sill in
the olivine cumulates, augite cumulates and sandwich horizon. The minor changes in
trace element ratios observed are easily accounted for by the varying Kds of olivine,
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pyroxene and plagioclase. If separate melts were injected into the 0601 sill, they had
remarkably similar REE ratios, which is not necessarily unlikely. It appears that REE
ratios in the LPS are largely similar to REE ratios in the 0601 sill.
The maximum An# of plagioclase in the LPS is found at 14 meters above the base
of the sill. Plagioclase An# in this sample is signiﬁcantly higher than in surrounding
samples and often has mantles with higher CaO than the cores, and is thus interpreted
to be the result of “interaction with a more primitive melt prior to the initiation of
in situ fractional crystallization”. However, no mechanism is proposed to explain
the odd location of these plagioclases in the middle of the diabase. High An# or
reversely zoned plagioclase is not found in the 0601 sill diabase. Based on the common
presence of country rock contamination near this layer in other Victoria Island Sills,
it is possible that the high An# plagioclase did not result from interaction with a
more primitive melt, but instead, crystalized from a melt that was CaO enriched from
limited limestone or dolostone assimilation.
In addition to the 0601 sill and LPS, many other sills on Victoria Island contain
similar olivine cumulate layers overlain by augite cumulate layers, and diabase. Did
two diﬀerent processes produce multiple, nearly identical sill stratigraphies or was
a single process responsible for these sills. Additionally, thin augite cumulate layers overlying thicker olivine layers are not common features in maﬁc sills, but are
ubiquitous in well-diﬀerentiated Victoria Island maﬁc sills.
If the olivine slurries were emplaced after the diabase magmas island wide, then
some of the dikes should preserve an olivine slurry instead of diabase. Considering
the quantity of olivine cumulate layers in Victoria Island sills and the extent of the
mapping of the island’s sills and dikes, it might be expected to ﬁnd evidence of a dike
transporting 25% olivine phenocrysts, but none have been reported.
In addition to the lack of frozen olivine slurry dikes, there are no sills that contain
only olivine slurries. All of the studied olivine cumulate layers on Victoria Island
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contain olivine cumulates, overlain by augite cumulates, and then diabase. Other
sills are not diﬀerentiated and do not contain olivine or augite cumulate layers, but
no sills contain olivine cumulates without overlying diabase. In addition, no sills
contain olivine zones at stratigraphic levels other than olivine zones directly above
the chilled margin. If all of these sills are the result of injection of an olivine slurry
into an existing diabase sill, then the slurry injection must have occurred immediately
after injection of the diabase magma in all of the sills. Evidence of an olivine slurry
somewhere else in the Victoria Island plumbing system would provide strong support
for the model of olivine slurry replenishment, but, in the absence of such supporting
evidence, a single pulse model that is capable of explaining most, if not, all of the
observations, without any strong contradictory evidence, is the most likely.
Hayes et al. (2015) consider the widespread olivine slurries to be the last gasp of
magma from a deeper magma chamber. However, a slurry containing ∼ 25% solids
is both the densest and highest viscosity magma. In Kiluea Iki, the fastest eruption
rates correspond to the largest crystals and highest amounts of phenocrysts (Murata
and Richter, 1966). In the Palisades Sill, the olivine slurry was emplaced after the
main body of the sill, but was not a last gasp of magmatism, because at least two
additional recharges arrived after the olivine slurry (Gorring and Naslund, 1995).
Despite the many disagreements between the single emplacement model presented
here and the Hayes et al. (2015) two magma model, there are many more similarities
and points of agreement. First and foremost, both models agree that there is too
much olivine in the sill to be solely the result of in-situ diﬀerentiation of a crystal-free
or crystal-poor magma, thus, both models agree that olivine phenocrysts crystallized
elsewhere, and were then transported into the sill. Both models ﬁnd support for
phenocryst rich magmas in the crystal accumulation and magma ascent model of
Bédard et al. (2012). Further, both point out that, while the chilled margin contains
5% olivine phenocrysts, it is possible that a higher proportion was concentrated in
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the center of the magma. Based on their observations of rare cumulus augite and
plagioclase in the dolerite zone, they suggest that the initial magma may have also
been carrying these phases. The single emplacement model here is dependent on a
signiﬁcant load of augite phenocrysts in the incoming magma and is not opposed to
a small quantity of plagioclase phenocrysts as well.
While the upper chilled margin of the 0601 sill contains some olivine phenocrysts,
the upper chilled margin of the LPS lacks olivine phenocryst. However, both roof
sequences lack olivine, indicating that most of the olivine phenocrysts in the upper
part of the sills, and all of the olivine that crystalized in-situ, settled out of the roof
sequences and were presumably accumulated in the ﬂoor sequences.
Their PELE modeling and the MELTS modeling reported here suggest very similar chemical evolution paths for the liquid and solid phases, which as they point
out, is generally in good agreement with their observations. However, what is interpreted here as minor deviances from the expected chemical trends caused by natural
variations and local interactions, they interpret as a major change of crystallization
environment caused by mixing an olivine slurry with a partially crystallized gabbroic
mush.
The single magma emplacement model relies on an initial magma carrying 15 –
20 wt% phenocrysts, largely similar to their proposed olivine slurry. However, the
issue of timing is paramount. In the 0601 sill, there does not appear to be any
abrupt reversals or interruptions of trends as would be diagnostic of recharges. Point
counting, crystal size distributions, whole rock composition, and mineral composition
in the 0601 sill all show a steady, uninterrupted upwards trend in the olivine layer
marked by increased olivine accumulation, increasing crystal size, evolving olivine
composition, and evolving melt composition.
It is possible that elements of both models are correct if a single pulse of phenocryst
rich magma began spreading laterally, when it arrived in the 0601 sill, phenocrysts
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were more generally distributed, creating the appearance of a single pulse of magma.
As the magma spread laterally, ﬂow diﬀerentiation slowed phenocrysts preferentially
to the melt, creating a phenocryst-poor leading edge. As the phenocryst-poor magma
opened the sill, it may have assimilated more host rock, and or, chemically sealed the
sill with a chilled margin. This was soon followed by the arrival of the phenocrystenriched magma. In this case, the question of whether the olivine rich magma was
a separate injection is simply a matter of semantics. This revised model is further
supported by the lateral variations in sill and olivine zone thickness presented by
Hayes et al. (2015b).
Overall, Hayes et al. (2015, 2015b) have made valuable contributions to the understanding of the highly diﬀerentiated sills of Victoria Island. At the time, they had
produced the best data set available, interpreted the available data, and produced
a model capable of explaining their observations and interpretations. The research
presented here builds upon their earlier research. The eﬀorts presented here have
doubled the number of thin sections analyzed by electron microprobe, quadrupled
the number of crystal analyses, tripled the number of whole rock geochemistry samples, and added quantitative petrographic data by identifying and measuring 19,000
crystals. The increased number of samples was made possible by the availability of
GNME drill cores; it is a lot easier to cut up drill core in a laboratory than knock
rocks oﬀ an outcrop on the edge of the world, and stratigraphic relationships are
simpliﬁed in drill cores. In conclusion, the model presented here is considered to
be a revision of the Hayes et al. (2015) model, primarily focused on the timing of
events. Instead of proposing two separate intrusion events, it is suggested that the
sills resulted from the emplacement of a single magma pulse, which had a mix of the
characteristics attributed to their two magmas.
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3.4.3

Conclusions

The 0601 sill contains well-ordered trends in whole rock composition, mineral composition, crystal size, and modal mineralogy best explained by crystal-settling and
in-situ diﬀerentiation. The over abundance of olivine and augite in the sill indicate
that a considerable portion of these phases entered the sill as phenocrysts entrained
in the initial magma. The well-deﬁned sandwich horizon indicates that about 20%
fractional crystallization is required to form the sandwich horizon composition from
the chilled margin. Mixing or un-mixing of diﬀerentiating melt and accumulating
crystals can explain all of the compositional variation in the sill.
One of the most important contributions of this study is in understanding the
necessary sampling frequency. Despite its relatively small size, the 0601 sill is surprisingly complex. A variety of textures, morphologies and compositional trends must
be analyzed together to uncover the complex emplacement and crystallization history
of the sill. The rocks are 723 Ma and altered, further obscuring each of these data
sources. The diﬀerence between natural variability, analytical uncertainty, and postigneous alteration is not easy to uncover. 71 whole rock chemical analyses and 32
thin sections was barely adequate to uncover the dominant trends. Understanding
the sill with a sampling frequency any lower would be exceedingly diﬃcult.
Any future work on the 0601 sill should focus on the inverse relationship between
modal olivine and olivine Mg#. Typically, low modal olivine leads to re-equilibration
with a large melt fraction, leading to more evolved olivine compositions. However, the
0601 sill shows the opposite trend, indicating that olivine in the most olivine abundant rocks had crystallized from the most evolved melts and/or equilibrated with the
most evolved melt. New analytical techniques using a high-precision electron microprobe may be able to identify subtle zoning patterns in slow diﬀusing elements like
phosphorous, useful for understanding the crystallization and equilibration history of
rapidly re-equilibrating olivine crystals.
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Chapter 4
The Palisades Sill Olivine Horizon
4.1
4.1.1

Introduction
Regional Geology

The Palisades Sill is found in the Newark Basin, the largest continental Triassic rift
basin in North America. The Newark Super Group contains four stratigraphic formations, from bottom to top, the Stockton Formation, Lockatong Formation, Brunswick
Formation and Watchung Basalts, although some studies split the Brunswick and
Watchung Formation into seven diﬀerent formations (Olsen, 1980). The Brunswick
Formation is interlayered with the three basalt ﬂows that form the Watchung Formation.
The sedimentary history of the Newark Basin is dominated by lacustrine cycles,
often correlated with Milkanovitch cycles (Olsen and Kent, 1996; Olsen et al., 1996).
The Stockton and Lockatong formations are from the Triassic, the Brunswick is Triassic – Jurassic in age and the Watchung Basalts are Triassic. The Newark Supergroup
rocks dip ∼ 15º to the NW. The Stockton Formation mainly consists of conglomerate,
sandstone and red siltstone, and has a maximum thickness of 1800 m. The Lockatong
Formation has a maximum thickness of 1150 m and is composed of gray and black
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siltstone. The Brunswick Formation mainly consists of red siltstone, sandstone and
conglomerate as well as gray and black siltstones similar to the Lockatong Formation.
The Watchung Basalts contains three basalt ﬂow units called the Orange Mountain
Basalt, Preakness Basalt and Hook Mountain Basalt (Olsen, 1980).
The Watchung Basalts are the result of ﬁssure eruptions of quartz tholeiite basaltic
magma during the breakup of Pangea. The stratigraphically lowest basalt ﬂow is the
Orange Mountain Basalt, ∼ 140-180 m thick. It comprises three separate ﬂows with
vesicular tops. The second basalt unit is the Preakness Basalt, ∼ 280 m thick, that
includes two major ﬂows and three minor ﬂows. It is similar to the Orange Mountain
Basalt but is internally heterogeneous. The stratigraphically highest basalt ﬂow is
the Hook Mountain Basalt, ∼ 110m thick. It contains three major ﬂows (Puﬀer and
Lechler, 1980; Puﬀer et al., 2009).

Figure 4.1: A geologic map of the Newark basin (Olsen et al., 1996). The Palisades
Sill is the diabase (red) outcropping along the eastern edge of the basin. This study’s
research site is located near the NYC (yellow circle).
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4.1.2

General Characteristics of the Palisades Sill

The Palisades sill is a 300 m thick tholeiitic intrusion that outcrops for 80 km along
the lower Hudson River in New Jersey and New York. Sill Mg# vs. depth shows
an S-shaped proﬁle for the sill (Fig. 4.2). Zircons and baddeleyites from the sill
give U-Pb ages of 201 ± 1 Ma that correlates the sill with the lowermost Watchung
Basalts (Dunning and Hodych, 1990). Most of the sill shows a diﬀerentiation sequence
from Mg-rich at the base to incompatible element rich in a sandwich horizon at the
∼ 250m level. Despite this generally well deﬁned trend, whole rock Mg#, Cr, Ni, and
Co values break the trend with higher than expected values at the 10 m, 27m, 45 m,
and 95 m stratigraphic levels (Gorring, 1992; Gorring and Naslund, 1995). The 10 m
high reversal corresponds to the olivine zone, which is thought to have formed from
an injection of an olivine enriched magma shortly after emplacement of the initial
magma (Husch, 1990; Gorring and Naslund, 1995), and not the results of in situ
crystallization and crystal settling as was previously thought. The 27 m and 45 m
level reversals are thought to be the results of magma chamber recharge (Gorring and
Naslund, 1995). The reversal at 95 m is interpreted as a normal fault by Gorring et
al., (1995), but Puﬀer et al., (2009) interpret the 95 m reversal as another recharge.

4.1.3

Previous Work

I.C. Russell published the earliest work on the Palisades Sill in 1878. Signiﬁcant early
research on the sill was also performed by J.V. Lewis (1908a, 1908b) and N.L. Bowen
(1928). It was Lewis who ﬁrst proposed that the olivine-phyric layer near the base of
the sill is the result of fractional crystallization and settling of early formed olivine
crystals. Lewis’ ﬁeld observations were soon supported by Bowen’s experimental
work. The Palisades Sill quickly became the type-locale for closed system fractional
crystallization in geology and petrology textbooks. In 1940, F. Walker undertook a
more detailed investigation of the sill, and, based on a constant pyroxene-plagioclase
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Figure 4.2: Whole rock Mg#, TiO2 , and Cr of the Palisades Sill. Green bar is the
olivine horizon, red dashed lines are the recharges and the blue dashed line is the
normal fault. Data from Hristov (1995) (squares), Sporleder (unpublished) (Crosses)
and Gorring and Naslund (1995) (Triangles).
ratio throughout the diabase and olivine layer, concluded that the olivine layer crystalized from the same magma as the diabase (Walker, 1940). The consensus was that
the basal olivine layer of the Palisades sill formed from early-crystalized olivine accumulated near the base of the sill during the inwards fractionation of a single magma
pulse.
However, in the 1950’s, the eﬃciency of crystal settling in such a large magma
chamber was questioned by Jaeger and Joplin (1957) and Hess (1956) based on calculated cooling rates and settling velocities. In 1969 Walker, based on a more detailed
geochemical analysis of the whole sill and regional scale observations of the inconsistencies in the presence, location and thickness of the olivine horizon, proposed
that the olivine horizon was the result of a separate magma injection. He further
argued that, if the olivine layer were indeed the result of whole sill crystal settling, it
would start closer to the base of the sill and be more uniform in thickness and depth
throughout the sill. Additionally, he noted that related sills of similar composition
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lack thick basal olivine layers. In 1969, Gray and Crain used quantative modeling of
gravity settling to conclude that the Palisades Sill olivine horizon could not be the
result of crystal settling alone.
In 1987, Shirley sampled a traverse through the Fort Lee section of the Palisades
Sill and identiﬁed three geochemical reversals in whole rock Mg#, Cr, Ni, and Co
at the 10, 35, and 95 m stratigraphic levels and proposed that these are the result
of three, maybe four magma pulses. Aside from these pulses, his model suggested
that the sill largely crystalized through closed system fractionation, with roof-zone
crystals deposited on the sill ﬂoor to create cumulus layers, and then compaction and
expulsion of the interstitial melt created the six-fold enrichment in incompatible trace
element abundances in the sandwich horizon.
In 1990, Husch addressed several misconceptions about the Palisdes sill, and most
importantly pointed out that the Palisades Sill olivine horizon more closely resembles
a process of ﬂow diﬀerentiation (Komar, 1972a, 1972b). A 1992 study by Steiner et
al. proposed a model of Cumulus-Transport-Deposition (C-T-D) for the formation of
the olivine horizon and other cumulates in the sill. According to the C-T-D model,
the olivine horizon is the result of an early accumulation of olivine crystalized in the
sill and redistributed through internal ﬂow and sedimentation processes.
To date, the most detailed published study on the Palisades Sill olivine horizon is Gorring and Naslund (1995). While several previous studies had shown that
the olivine horizon must be the result of a separate magma injection, this was the
ﬁrst study to analyze the olivine horizon in detail. Using samples 0.5 – 2 m apart
stratigraphically, they found modal olivine increased from nearly 0 below the horizon, to a maximum of 28% within the horizon. They found that the lower olivine
horizon has a subophitic texture with 0.6-0.8 mm diameter partially resorbed anhedral olivine grains. The dominant texture in the upper olivine horizon is poikilitic
with small euhedral olivine chadacrysts, 0.1 – 0.3 mm in diameter, enclosed by pla-
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gioclase and orthopyroxene oikocrysts. The textural change between the underlying
diabase and the olivine horizon is accompanied by a decrease in augite and plagioclase
grain size, which coarsens upwards below the horizon starting at the chilled margin.
Mineral chemistry in the olivine zone shows that orthopyroxene and clinopyroxene
in the olivine horizon are relatively homogenous in terms of Mg# compared to the
surrounding diabase pyroxenes, with the augite Mg# (∼ 81) in the horizon being
higher than that in the surrounding diabase, and the orthopyroxene Mg# (∼ 75)
being lower. Unlike this study, or those of Walker (1940), Walker (1969) and Chau
(2009, unpublished), Gorring and Naslund (1995) reported no correlation between
size and composition in the olivines within the horizon. Olivine was found to be most
Mg-rich near the center of the olivine horizon. Olivine Mg# is positively correlated
with olivine mode, and inversely related to whole rock K2 O, which is an indicator of
trapped melt.
Outside of the olivine horizon, Gorring and Naslund (1995) was the ﬁrst to identify
a geochemical reversal at the 27 m height, which was attributed to another magma
recharge event. They also conﬁrmed that the 45 m reversal was due to magma
recharge, and demonstrated that the 95 m reversal was not due to recharge, but
instead to a normal fault, not visible in the outcrop, but known from the regional
geology.
In 2006, Dickson did a detailed textural analysis of the sill for her dissertation (unpublished) that showed that the olivine layer, while the result of a separate injection,
likely evolved from the same or a similar parent magma as the rest of the diabase in
the sill. Her modeling of compaction and diﬀerentiation showed the importance of
descending crystal mush plumes, the compaction of the crystal mush, and expulsion
of evolved melt in the formation of the modal layering and augite-plagioclase cumulate rocks of the Palisades Sill. Most of Dickson’s work was an up-dated and more
detailed continuation of Shirley (1987).
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In 2009, Chau (unpublished thesis) did a study on the mineral chemistry and
petrography of the olivine horizon olivines, in an attempt to understand the origin
of the olivine horizon. He was the ﬁrst to identify two distinct populations of olivine
on the basis of morphology and size; a ∼ 1 mm2 euhedral group, and a 0.1 mm2
anhedral group. On the basis of crystallization time and the liquidus assemblages in
the olivine horizon, relative to the rest of the sill, Chau concluded that the C-T-D
model (Steiner, 1992) is not plausible, and instead the olivine horizon must be the
result of a separate injection as proposed by Walker (1969), and revised by Shirley
(1987) and Gorring and Naslund (1995). Chau also proposed that the large range of
olivine and plagioclase compositions within the olivine horizon are the result of some
mixing with the host diabase. Finally, he proposed that it is unlikely that the evolved
melt from the olivine horizon was able to escape, and instead crystalized as a truly
trapped melt.
In 2013, Puﬀer et al. studied the sill with a focus on the open chamber dynamics
of the Palisades Sill. They investigated the relationship between the sill recharges
and the Watchung basalts, concluding that on the basis of Cr, the Orange Mountain
basalt may be the extrusive corollary to the same magma that formed the olivine
horizon. They also correlated the Preakness basalts with the other magma pulses in
the sill. They proposed that the constant ﬂow of new magmas deposited plagioclase
and pyroxene crystals carried into the sill from the source magma chamber. While
their work emphasized the mixing of magmas travelling through the sill on the way
to eruption, they still supported the necessity of in-situ processes for the creation
of rhythmic and modal layering (Gorring and Naslund, 1995) and the Fe-enriched
sandwich horizon (Block, 2007).
The most recent study published of the Palisades is Block et al. (2015), which
focused on the lack of mass balance in the Upper Nyack section of the sill between
the late stage diﬀerentiates and the surrounding cumulates. They proposed an up-
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dated version of the C-M-T model where repeated injections into the sill underwent
diﬀerentiation en route to the surface eruptions that formed the Watchung basalts.
A part of the diﬀerentiated magma remained as cumulate layering and pore melt.
As crystallization continued, the pore melts were continuously expelled into a higher
stratigraphic layer resulting in an accumulation of ferro-granophyre near the stratigraphic highest part of the sill.
After over a century of research, several key conclusions are agreed upon. The
sill was the result of both open and closed system crystallization. All of the recent
studies agree that the sill is the result of at least three magma pulses, which likely
correlate with the extrusive Watchung Basalts. Also, all of the recent studies agree
that the sandwich horizon and late stage diﬀerentiates in the sill require some degree
of closed system fractionation to reach the evolved compositions observed. All of
the more recently published papers agree that the Palisades Sill olivine horizon was
the result of the injection of an olivine slurry, but many details of the slurry are
still unknown, including what other solid phases were present in the slurry. Most
importantly, what does the Palisades Sill olivine horizon tell us about the nature of
crystal slurries emplaced in other magma chambers? Can a general model of crystal
slurry replenishment be created with which researchers can evaluate basal olivine
cumulate layers in other intrusions to determine if the formation mechanism ﬁts best
with in-situ fractional crystallization, or slurry injection?

4.1.4

Introduction to the Palisades Sill Olivine Horizon

The Palisades Sill olivine horizon begins at approximately 10 m above the chilled
margin. While Gorring and Naslund (1995) suggest that the Palisades diabase gradually grades into the olivine horizon, it is unclear from our analysis if the olivine
immediately below the olivine horizon shares a similar origin as the olivine horizon
olivine. Sampling began approximately 2.5 m below the base of the olivine horizon;
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the thin section sample at 324.5 cm and whole rock geochemistry sample at 334 cm
above the sample base are the lowest samples from the olivine horizon. All sample
heights given here are in reference to the stratigraphically lowest sample, arbitrarily
assigned a height of 0 meters.

Figure 4.3: Google earth map of study location.
The base of the olivine horizon is easily recognized in the whole rock major element
compositional trend by the abrupt changes, where MgO increases and Al2 O3 and
CaO decrease (Fig. 4.9). Included trace elements Co and Ni also increase while
Sc, Sr, V, Yb, and U decrease. Modal olivine, which is generally decreasing in the
diabase, suddenly jumps from 0.4% to 3.5%. Similarly, average olivine size, which
was also decreasing jumps from 0.016 mm2 to 0.029mm2 . Olivine Mg# may be
slightly decreasing with height in the diabase, but varies randomly with height in
the olivine horizon. Plagioclase composition shows little change across the boundary
while orthopyroxene Mg# decreases and core to rim zoning decreases. Augite core
compositions show little change, but core to rim zoning decreases.
This study subdivides the olivine horizon into two parts, the lower olivine horizon,
from 324.5 cm to 909.5 cm and the upper olivine horizon from 909.5 cm to 1011.5
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cm. Petrographic analysis of thin section 897 and geochemical analysis of whole rock
sample 909.5 shows that the transition from the lower olivine horizon to the upper
olivine horizon may be transitional, as the samples contain some elements of both
groups. The distinction between the upper and lower olivine horizons is most clearly
seen on a PER plot of ((Al + Fe + Mg) – 2*Ca – Na)/Ti vs. Si/Ti (Fig. 4.18).
The distinction between the two parts can also be readily observed in olivine, augite,
plagioclase and orthopyroxene mineral chemical analyses, whole rock major and trace
element analysis, and thin section petrographic analysis. All of these analyses, as well
as additional modeling, show that the lower olivine horizon was likely formed from a
slurry in which olivine was about 25% of the total phenocryst load while the upper
olivine horizon was formed from a slurry in which olivine was the dominant solid
phase.
This study relies on eight whole rock samples from the underlying diabase, twentytwo from the lower olivine horizon, and four from the upper olivine horizon. Six thin
sections from the lower diabase were probed for mineral composition, ﬁfteen from
the lower olivine horizon were probed, and two from the upper olivine horizon were
probed. Detailed petrographic analysis of olivine was done for all six thin sections
from the diabase, eleven from the lower olivine horizon, and both thin section from
the upper olivine horizon. Large and small olivine crystals from these thin sections
were extensively analyzed with the electron microprobe to establish the connection
between olivine size, morphology and composition.

4.2
4.2.1

The Olivine Horizon
Petrography

Thin sections from 5.5, 52, 97, 157, 220, and 246 cm above the sampling base were
used for petrographic investigation of the diabase underlying the olivine horizon. The
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diabase is dominated by sub-ophitic plagioclase, c. 0.5 mm, and augite c. 0.3 mm.
Glomerocrysts of augite and orthopyroxene are common. The glomerocryst augite
is typically 0.2 mm but can be up to 4 mm long, is commonly twinned, subhedraleuhedral, and tabular to elongate. Glomerocryst orthopyroxene is about 1 mm and
occasionally forms the cores of larger augites; it is subhedral and forms rectangular
prisms. Olivine phenocrysts occur in isolation or as olivine glomerocrysts. Olivine
appears to have been subhedral to euhedral, followed by dissolution and embayment,
and was later partially altered to iddingsite. Modal olivine ranges from 1.5 to 0.25%,
generally decreasing with height. Olivine sizes in the diabase follow an approximately
log normal distribution with a mode of 0.013 mm2 in area; assuming circularity, this
would correspond to a length of 0.2 mm (Fig. 4.4 Left). Several olivines in the diabase
are longer than 1 mm. Average olivine size also decreases upwards in the diabase.
Opaque oxides are present and make up less than 5% by mode. Accessory biotite is
rare, <1%, and does not occur in association with opaques.

Figure 4.4: Left: Olivine size distribution in the underlying diabase. Right: Olivine
size distribution in the lower and upper olivine horizon (Red is upper olivine horizon,
green is lower olivine horizon).
The lower olivine horizon is represented by thin sections 324.5, 382.5, 448, 495.5,
521, 531, 562, 594, 611, 654, 677, 739, 807, and 840. Sample 897 is considered part
of the lower olivine horizon on the basis of whole rock geochemistry, but is treated
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independently for petrography and mineral chemistry. In the lower olivine horizon,
orthopyroxene occurs as large, anhedral poikilitic crystals, up to 5 mm long, enclosing
augite, plagioclase and olivine. Some orthopyroxene occurs as subhedral prismatic
crystals, while others occur as cores in larger augite crystals. Inverted pigeonite crystals are occasionally found within larger orthopyroxenes. Augite is typically twinned,
subhedral and tabular and around 2 mm long. Some augites contain extensive pigeonite and orthopyroxene exsolution in their cores. Plagioclase occurs as laths, typically around 1 mm long in the ophitic and poikilitic sections. Plagioclase chadacrysts
are more commonly found in orthopyroxene, but are occasionally enclosed by augite
oikocrysts. Opaque oxides are less than 5% by mode, and sometimes occur in conjunction with biotite. Modal olivine varies seemingly randomly throughout the lower
olivine horizon between 2.9 and 7.2%.

Figure 4.5: Left: An example of the sub-ophitic to ophitic texture in the lower olivine
horizon. Note the roundness of the olivine phenocrysts. Photomicrograph from thin
section 531. Right: An example of a large olivine from the lower olivine horizon (thin
section 611) which has experienced extensive dissolution. This olivine is slightly
normally zoned in Mg#. Both photomicrographs are in XPL and fov=11 x 8.25 mm
Point counting in the lower olivine horizon shows that there are two populations of
olivine crystals based on crystal area, a population of small crystals clustered around
0.39 mm2 (circle diameter 0.7 mm), and a smaller population of larger crystals centered around 1.1 mm2 , (circle diameter 1.2 mm). (Fig. 4.4 Right) Small olivines are
typically rounded ovals in thin section, reminiscent of rounded sand grains. They are
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ubiquitous throughout the lower olivine horizon thin sections, occurring mixed with
plagioclase and augite or within augite, and less commonly within plagioclase in the
sub-ophitic sections and within orthopyroxene in the poikilitic sections. Rare olivines
occur within plagioclase chadcrysts in orthopyroxene oikocrysts. Small olivines often
occur as short trains or clusters of crystals. Clustered olivines may share a preserved
crystal face. Many olivines have orthopyroxene rims or other reaction rims, indicating
that they were out of equilibrium with their surroundings. Alteration to iddingsite
or talc is common, but not extensive, and original crystal shapes can almost always
be identiﬁed.

Figure 4.6: Left: Sub-ophiitic to ophitic texture in the upper olivine horizon contains
abundant rounded olivine phenocrysts. Right: Poiklitic texture in the upper olivine
horizon. Note the similar sizes of olivines in the upper and lower olivine horizon.
Both photomicrographs are in XPL and fov=11 x 8.25 mm, from thin section 967.
While large olivine areas cluster around 1.2 mm2 , they can be up to 2.5 mm2 . The
cutoﬀ size between small and large olivines is unclear. Large olivines are typically
anhedral and show extensive signs of dissolution (Fig. 4.5 Right). Some are subhedral,
with preservation of occasional crystal faces, despite extensive dissolution, and may
rarely also preserve a rounded termination. Chromites are found in association with
two large olivines in thin section 611 and with one olivine in thin section 324.5.
Chromite was not identiﬁed in any of the other thin sections. Some large olivines may
contain melt inclusions, but these appear to have formed from melt ﬁlling dissolution
embayments, as opposed to melt trapped during rapid crystallization. Occasional
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large olivines enclose plagioclase chadacrysts.

Figure 4.7: Box plot of olivine crystal size shows that the size distribution of olivine
crystals is generally constant throughout the entire olivine horizon. Blue squares
are olivines from the diabase, green from lower olivine horizon and red from upper
olivine horizon. Y-axis is stratigraphic height in cm. Large olivines in the section are
typically statistical outliers from the population and are thus plotted as black dots.
Thin section 897 shows the transition from the lower olivine horizon to the upper
olivine horizon. The sub-ophitic to ophitic areas of the thin section are similar to
the sub-ophitic to ophitic sections of the lower olivine horizon and the poikilitic areas
are similar to the poikilitic areas of the lower olivine horizon. However, thin section
897 shows an increase in poikilitic texture. Modal olivine increased to 10.8%, higher
than any other sample in the lower olivine horizon, but lower than the upper olivine
horizon. One large olivine is nearly euhedral, but still has a moth-eaten texture.
The upper olivine horizon, represented by thin sections 967 and 999, is distin123

Figure 4.8: Stratigraphic variation of modal olivine indicates a possible trend of
decreasing olivine upwards in the diabase, followed by a reversal and random variation
in modal olivine in the lower olivine horizon and a large increase in modal olivine in
the upper olivine horizon. Y-axis is stratigraphic height in meters.
guished from the lower olivine horizon by larger areas of poikilitic (Fig. 4.6 Right)
texture and a signiﬁcant increase in modal olivine to 16.7 and 23.6%. Olivine has a
similar size distribution in the upper olivine horizon as it does in the lower olivine
horizon and is signiﬁcantly more abundant in each size range. Again, the textures
are similar to the lower olivine horizon, but the increase in modal olivine is striking
and present in sub-ophitic (Fig. 4.6) and poikilitic areas. Olivine occurs abundantly
within orthopyroxene, augite and plagioclase, and often occurs within plagioclase or
augite crystals that are themselves enclosed by larger orthopyroxenes. Inverted pigeonite and exsolution in augite are rarer than in the lower olivine horizon, but are
present.
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4.2.2

Whole Rock Geochemistry

The 2.5 meters of diabase below the olivine horizon show a typical diabase geochemical
trend. Major elements, Al2 O3 and Fe2 O3 t systematically increase with height, while
CaO, K2 O, MgO, Na2 O, SiO2 , and TiO2 show no clear trend with height. The
incompatible trace elements Cu, Ce, La, Pr, Ta, Tb, U, Tm, and Zr also have a trend
of increased concentration with height, while the compatible trace elements Co, Cr,
and Ni decrease with height. Ba, MnO, P2 O5 , Sr, V, Zn, Cs, Dy, Er, Eu, Gd, Lu,
Nb, Nd, Pb, Rb, Sm, Th, Y, and Yb show no clear trend with height (Fig. 4.9 and
4.10). It is likely that higher resolution analysis with more samples would show similar
enrichment trends in all of the incompatible elements, however, it is possible that the
large-ion-lithophile-elements (LILE) K, Rb, Cs, Sr, and Eu have been remobilized
through a ﬂuid phase and would not show a uniform trend on such a small scale.
Between the samples at 246 and 324.5 cm height, there is a marked geochemical
reversal in several elements. The major elements Al2 O3 and CaO suddenly decrease,
while MgO increases; Fe2 O3 t, K2 O, SiO2 and TiO2 show no clear trend across this
boundary. The included trace elements Co and Ni also increase while the trace
elements Sc, Sr, V, Yb, and U decrease across this boundary. Interestingly, the
composition of sample 324.5 in most of the incompatible trace elements, Cu, Ce, Dy,
Er, Eu, Gd, Hf, Ho, La, Nb, Nd, Pb, Pr, Rb, Sm, Ta, Tb, Th, Tm, Y, and Zr more
closely resembles the underlying diabase than the rest of the olivine horizon. Several
trace elements reach their highest concentrations in this sample, possibly the result of
incompatible trace element enriched melt from the underlying diabase mixing locally
with the slurry magma.
Within the lower olivine horizon, samples 324.5 to 909.5, there are no clear trends
in major or trace element compositions with height. The lack of stratigraphic trends
in the lower olivine horizon in bulk rock geochemistry, mineral chemistry, and mode
is the most prominent feature of the lower olivine horizon and the most important
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Figure 4.9: Whole rock major element analyses plotted by height (m) showing the base
of the olivine horizon around 3 m above the sampling base and the distinct olivinerich compositions of the upper olivine horizon rocks. Blue squares are diabase, green
triangles are lower olivine horizon and red circles are upper olivine horizon. Major
elements are in wt%.
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diﬀerence between the Palisades Sill olivine horizon and the 0601 sill olivine zone; the
implications of this stark contrast are discussed further below.
From the lower olivine horizon to the upper olivine horizon, between samples
909.5 and 945.5, the major elements Fe2 O3 t and MgO increase signiﬁcantly, while the
trace elements compatible in olivine, Ni, MnO, and Co also markedly increase. Major
elements and trace elements not compatible in olivine, Al2 O3 , CaO, K2 O, Na2 O, Ba,
Sc, Sr, V, Ce, Dy, Er, Gd, Hf, La, Lu, Nb, Nd, Pr, Rb, Sc, Sm, Tb, Tm, U, Y,
Yb and Zr decrease. SiO2 , Cu, P2 O5 , Cs, Ho, Pb, Ta, Th and TiO2 do not show
clear changes across this interval. While many of the incompatible trace elements
decrease from the lower olivine horizon to the upper olivine horizon, many of these
elements still have their lowest concentration within the lower olivine horizon. If the
incompatible trace elements are tracking the magma-crystal ratio, then the diﬀerence
between the lower olivine horizon and the upper olivine horizon is not the quantity of
phenocrysts in the slurry, which would be at a maximum in the lower olivine horizon,
despite the lower modal olivine, but the types of phenocrysts in the slurry. Thus, the
lower olivine horizon is a mix of olivine, magma, and one or more other phases, while
the upper olivine horizon is dominantly a mix of olivine and magma, possibly with a
small input from one or more other phase.
Whole rock Cr content steadily increases from the lowest sample, sample 334, Cr
= 684 ppm, in the olivine horizon, until sample 455.5, Cr = 993 ppm. Above this
sample, Cr ﬂuctuates randomly between samples, but generally decreases upwards
into the upper olivine horizon, where it reaches minimum values less than 400 ppm.
Since microprobe analysis shows that of the phases olivine, orthopyroxene, augite,
and plagioclase, augite cores are the only phase with a considerable Cr content, then
the variation in whole rock Cr content is generally controlled by the distribution of
augite phenocrysts in the slurry. P-D modeling shows that the variation in whole
rock Cr content cannot be the result of accumulating olivine, or another phase, in a
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Figure 4.10: Whole rock trace element concentrations (ppm) plotted vs. height (m).
Note that many samples in the lower olivine horizon are as depleted in incompatible
elements as the upper olivine horizon.
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Cr-rich magma.

4.2.3

Mineral Chemistry

Electron microprobe analysis was used to determine mineral chemical variation in the
olivine zone and underlying diabase of the Palsiades Sill. Unlike the 0601 sill, in which
many mineral compositions followed clear diﬀerentiation trends with stratigraphic
height, most minerals in the Palisades Sill showed random up-section compositional
variation.
Olivines in the underlying diabase generally have a trend of decreasing Mg#
upwards with cores typically slightly enriched in MgO and rims enriched in FeO (Fig.
4.11 Left). Average core Mg# decreases from 69.0 at the sampling base to 61.6 just
below the olivine horizon. Olivine Mg# reverses at the base of the olivine horizon,
where average core Mg# jumps from 61.6 to 64.4 in less than one meter. Within
the lower and upper olivine horizon, there is no clear height related trend in olivine
composition. Mg# typically varies by 6 – 7 in lower olivine horizon samples, but has
a smaller range of 3 – 4 in the upper olivine horizon. There is little diﬀerence in Mg#
between cores and rims.
Large olivines, area >0.2 mm2 , typically have distinctly higher Mg#s in the lower
olivine horizon (Fig. 4.11 Right), but may have a Mg# similar to the smaller crystals,
area <0.1mm2 . Since thin sections are 2D sections of 3D rocks, a crystal with a small
cross-sectional area in thin section can in fact be the corner of a large crystal. On rare
occasions, small crystals have the highest Mg# in the sample. In the upper olivine
horizon, where large olivine crystals are far more abundant, there is no distinction in
olivine Mg# based on crystal size.
A frequency plot of CaO in olivine (Fig. 4.12) for small and large crystals shows
that large crystals typically have higher CaO concentrations, mode of ∼ 0.12 wt%,
and also have a larger range of CaO concentrations, 0 - .24 wt%. On the other hand,
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Figure 4.11: Left: Stratigraphic variation in olivine Mg# shows no height related
trend in the olivine horizon. Blue symbols are cores, red are rims, the dashed green
line is the base of the olivine horizon. Right: Olivine core average compositions just
from the olivine horizon shows that larger olivine crystals typically have a higher
Mg# than smaller crystals.
small olivines cluster tightly around an average concentration of 0.05 wt%. A plot of
CaO in olivine vs. olivine Mg# shows that large crystals commonly have higher CaO
and Mg# than smaller crystals.
While olivines in the upper olivine horizon are occasionally more NiO rich than
olivine in the lower olivine horizon or diabase, NiO in olivine shows no systematic
vertical variation (Fig. 3.42). Similarly, NiO shows no systematic variation based on
crystal size, Mg#, CaO, or modal olivine.
There is, however, a positive correlation between olivine Mg# and modal olivine
(Fig. 4.13). This plot also shows that olivine Mg# in small olivines typically varies
more with olivine mode, than large olivines. There is also a weak, but inverse correlation between the range of olivine Mg#s in a thin section and modal olivine (Fig.
4.15). We interpret the variations in olivine chemistry to be a result of trapped liquid
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Figure 4.12: A frequency plot of CaO content in large and small olivines show that
large olivines typically have higher CaO contents indicating a more primitive origin
or less re-equilibration.
re-equilibration (Barnes, 1986). Olivine in the slurry appears to not be in equilibrium with the carrier melt. This is supported by the frequent dissolution textures
and the rounded shapes (see petrography), although this could be caused by mechanical abrasion during transport as well. The observed textures are likely caused by
both mechanical abrasion and chemical dissolution. Solid-solid and solid-liquid phase
equilibria is discussed further below.
Orthopyroxene composition shows no clear trend in the diabase, but is strongly
normally zoned in MgO and FeO. Most orthopyroxene cores have Mg# greater than
80, while rim Mg# is typically less than 70. Orthopyroxene core Mg#s are generally
lower in the olivine horizon than in the diabase, while rims are more MgO rich,
showing weak normal zoning. In the upper olivine horizon, orthopyroxene Mg# is
typically higher, zoning is weaker, and there is less intra-sample variability. There
is no systematic vertical variation in orthopyroxene composition within the olivine
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Figure 4.13: The plot of olivine Mg# vs. mode shows a positive correlation indicating
that olivine Mg# may be controlled by the ratio of olivine:trapped melt.
horizon.
Based on olivine-orthopyroxene Fe-Mg equilibrium calculations in MELTS, olivine
is typically in equilibrium with orthopyroxene rims, but is Fe-enriched relative to orthopyroxene core compositions. Considering olivine was almost certainly a phenocryst
phase in the slurry, olivine should have been in equilibrium with orthopyroxene cores
in the slurry, or the ﬁrst formed orthopyroxene to crystalize from the slurry melt.
Thus, olivine-orthopyroxene equilibrium calculations indicate that either olivine and
orthopyroxene rims re-equilibrated with the same melt while orthopyroxene cores retained a more primitive composition, or orthopyroxene cores that were in equilibrium
with olivine were chemically isolated from the magma by the growth of new rims,
preventing them from re-equilibrating with the melt like the olivine did. Considering that orthopyroxene is commonly oikocrystic to olivine, it seems more likely that
orthopyroxene rims grew from the same melt that olivine re-equilibrated with. Unfortunately, it is still not clear if the early orthopyroxene phenocrysts crystalized in
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Figure 4.14: The plot of olivine Mg# range vs. mode shows that samples with
abundant melt relative to olivine phenocrysts have the largest olivine compositional
ranges. Since olivine 967-2 is thought to have avoided re-equilibration, it is not
included in this plot. Green triangles are lower olivine horizon, red circles are upper
olivine horizon.
the Palisades Sill olivine horizon, or were a solid phase in the slurry.
Augite Mg# in the diabase generally decreases slightly upwards from the lowest
sample to the base of the olivine horizon, and augite is strongly normally zoned in
MgO, FeO and Cr2 O3 . Core Mg# is typically 80-85 while average rim Mg# is 69 –
70, but can reach as low as 60. At the base of the olivine horizon, augite core Mg#
has a minor reversal from 80.1 in the top of the diabase to 83.3 in the olivine horizon.
Augite composition in the olivine horizon shows no height related trends. Unlike
olivine and orthopyroxene, augite core compositions show little inter or intra-sample
compositional variability (Fig. 4.16). Additionally, augite cores in the Palisades
olivine horizon have far greater Mg#s than olivine crystals in the same thin sections.
Augite in the olivine horizon is normally zoned in MgO and FeO but not as
strongly zoned as augite in the diabase. Core to rim Mg# variation in the diabase
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Figure 4.15: Left: Stratigraphic variation in orthopyroxene Mg# shows no height
related trends, blue symbols are cores, red are rims. Right: Olivine-orthopyroxene
Fe/Mg equilibrium calculations from MELTS show that the Fe/Mg ratio in olivine
is in equilibrium with orthopyroxene rims (red) while orthopyroxene cores (blue) are
not in equilibrium with olivine.
is ∼ 9-13 while in the lower olivine horizon it is only ∼ 4-8, and only 2 in the upper
olivine horizon (Fig. 4.16 Left). Augite is normally zoned in Cr2 O3 , with average
core composition between 0.5 and 0.75 wt% and highly depleted rims, typically well
under 0.25 wt% in the diabase and olivine horizon (Fig. 4.16 Center). Cr2 O3 content
in augite may decrease in the upper olivine horizon, although the data is limited.
Additionally discerning augite cores, mantles, and rims is diﬃcult due to the texture,
and the many low Cr2 O3 and Mg# augite cores may be unrecognized augite rims.
Equilibrium temperatures were calculated from Fe/Mg Olivine-Augite partitioning
using the method of Loucks (1996) (see methods). Comparison of olivine and augite
cores in the underlying diabase gave temperatures generally between 1000 – 1050ºC
while the lower olivine horizon gave temperatures of less than 1000ºC and the upper
olivine horizon gave temperatures of close to 1100ºC. Comparison of olivine Fe/Mg
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Figure 4.16: Left: Augite Mg# is generally constant with height in the olivine horizon.
Center: Augite is typically normally zoned in terms of Cr2 O3 with rims being nearly
completely depleted. Right: Calculated Olivine Fe/Mg in equilibrium with augite
cores (blue) and rims (red) at 1100ºC (X’s) and 1000ºC (pluses) shows that olivine
Fe/Mg composition is in equilibrium with augite cores at 1000ºC or augite rims at
1100ºC.
ratios with augite rim Fe/Mg ratios in the lower and upper olivine horizon suggest
that olivine cores are in equilibrium with the augite rims around 1100ºC (Fig. 4.16
Right). Considering the expected cooling rate of the olivine horizon, equilibrium
temperatures less than 1000ºC are unexpected, additionally there is no reason that
augite cores would have re-equilibrated at a lower temperature than the augite rims.
Instead, it seems likely that olivine and the augite cores were in equilibrium, either in
the slurry, or soon after. While olivine re-equilibrated with the Fe-rich melt, augite,
having a slower Fe-Mg re-equilibration rate than olivine, failed to re-equilibrate while
growing thick rims chemically isolating it from the surrounding magma.
Since Cr2 O3 in augite is fairly constant throughout the olivine horizon, but whole
rock Cr varies signiﬁcantly through the horizon, it is likely that augite phenocrysts
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were present in the slurry, and their distribution in the olivine horizon controls the
variation in whole rock Cr. Olivine typically contains less than 0.05 wt% Cr2 O3 ,
and is only rarely associated with chromite inclusions (chromite was only observed
in three olivine crystals from the entire section). Thus, olivine enrichment in a rock
would not increase whole rock Cr content. On the other hand, if the melt had a high
Cr content, olivine enrichment in a sample would cause a decrease in whole rock Cr,
and would deplete highly incompatible trace elements, like Zr as well. Whole rock Cr
and Zr contents are, however, not linked. The necessity of augite phenocrysts in the
slurry is one of the few interpretations that the P-D modeling strongly supports and
is discussed further in that section.
Augite-orthopyroxene Fe-Mg equilibrium temperatures can be calculated by combining the orthopyroxene-olivine equilibrium model from MELTS with the Loucks
(1996) model. Combining the two models shows that augite and orthopyroxene cores
are in equilibrium at ∼ 1170º C and rims at ∼ 1160ºC.
Plagioclase variation in the Palisades Sill olivine horizon and underlying diabase
is signiﬁcantly diﬀerent from the maﬁc phases, olivine, augite, and orthopyroxene. In
the underlying diabase, plagioclase An# covers a large range, from as low as An#
20 to An# 60. There is a moderate upwards increase in An# in the diabase which
coincides with an increase in whole rock Al2 O3 and CaO (Fig. 4.17 Left).
Plagioclase in the lower olivine horizon has an intrasample variability of about
An# 10, while thin section averages systematically increase upwards. Average core
An# starts at 52.8 at the base in sample 324.5, and reaches a maximum of An#
73 in sample 840, before decreasing into the upper olivine horizon. In addition to a
reduction in An# in the upper olivine horizon, intrasample variability can range by
∼ An# 40 in sample 840 and 897, but is again minimal in sample 999. A frequency
plot (Fig. 4.17 Right) of plagioclase An# in each section shows a bimodal distribution and lower An# in the diabase. The bimodal distribution may be a relict of the
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Figure 4.17: Left: Stratigraphic variation in plagioclase An content shows a trend of
upwards increasing An#. Right: A frequency plot of plagioclase An content.
sampling technique focusing on core and rim analyses without mantle analyses. Plagioclase compositions in the lower olivine horizon are tightly centered around An#
67, while plagioclase in the upper olivine horizon, though more broadly variable, is
centered around the same An#. Plagioclase An# is the only mineral compositional
trend with a systematic variation in the olivine horizon in stark contrast with olivine,
orthopyroxene, and augite composition, which all vary randomly with height.
Previous studies suggest that Cr is typically a strongly included element in clinopyroxene and orthopyroxene, and an excluded element in olivine and plagioclase. Clinopyroxene and orthopyroxene have similar reported Kds while olivine is about an order
of magnitude lower. Electron microprobe analyses of the pyroxene phases and olivine
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in the Palisades Sill olivine horizon however show that augite Cr content is typically
between 50 – 100 ppm (Fig. 4.16 Center), while orthopyroxene Cr content is between
0 – 10 ppm, and olivine Cr content is typically between 0 – 2 ppm. If augite and
orthopyroxene co-precipitated from the same magma, they should have similar Cr
contents. Instead, the Cr content of augite is about one order of magnitude greater
than the Cr content of orthopyroxene, suggesting that the orthopyroxene was a later
crystalizing phase.

4.3
4.3.1

Modeling
Pearce Element Ratios

Pearce Element Ratio (PER) plots of the Palisades whole rock samples show some
mineralogical controls on whole rock variation, but also signiﬁcant amounts of apparently random variation. Attached is a suite of plots with linear regressions and
shaded 95% conﬁdence intervals for the lower olivine horizon and diabase samples.
Because there are only four samples from the upper olivine horizon, linear regressions
were not included.
The R2 values for the diabase are typically between 0.8 and 0.99 with the exception
of (2*Ca + Na – Al)/Ti vs. Si/Ti which has an R2 of 0.67, still a good correlation.
It is no surprise that the diabase samples have such a good ﬁt, since it is largely
dominated by in-situ diﬀerentiation. Gorring and Naslund (1995) found that whole
rock compositional variations in the sill diabase generally had strong linear trends.
A slope of 0.173 on a plot of (Al + Fe + Mg – 2*Ca – Na)/Ti vs. Si/Ti (Fig. 4.18)
suggests that the diabase evolution is largely controlled by the addition or removal
of a constant ratio mix of plagioclase and augite.
Unlike the underlying diabase, the olivine horizon shows much more scatter. This
was also the ﬁnding of Gorring and Naslund (1995). The upper olivine horizon’s
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Table 4.1: Slopes and R2 values for diabase (Di) and lower olivine horizon (Ol. Hor.)
for all tested PER ratios.
X
Y
mDi R2Di mOl. Hor. R2Ol. Hor
0.5*(Fe+Mg)/Ti
(2*Na+Al)/Ti
(2*Ca+Na-Al)/Ti
(0.5*(Mg+Fe)+2*Ca+3*Na)/Ti
(2*Ca+3*Na)/Ti
(2*Ca+Na)/Ti
Fe/Ti
(2*Na)/Ti
(Al+Fe+Mg-2*Ca-Na)/Ti
Mg/Ti

Si/Ti
Si/Ti
Si/Ti
Si/Ti
Si/Ti
Al/Ti
Mg/Ti
Al/Ti
Si/Ti
(Mg+Fe)/Ti

0.16
0.38
0.15
0.69
0.53
1.62
0.34
0.78
0.17
0.74

0.90
0.93
0.67
0.94
0.93
0.89
0.88
0.85
0.81
0.99

0.26
0.29
0.19
0.73
0.48
1.78
0.26
0.67
0.32
0.79

0.52
0.76
0.61
0.97
0.83
0.78
0.95
0.87
0.25
0.99

diﬀerentiation is dominated by olivine, with only minor variations in other phases,
and thus these four samples typically plot well away from the lower olivine horizon
samples. It is clear that the upper olivine horizon rocks are not controlled by the
same mineral variations as the lower olivine horizon, thus they are not included in
calculating the best ﬁt models.
The lower olivine horizon has a slope of 0.32 on a plot of (Al + Fe + Mg – 2*Ca
– Na)/Ti vs. Si/Ti and an R2 of 0.25. The low slope, well below the theoretical
slope for olivine of 2.0, shows that plagioclase and/or a pyroxene is a large part of the
incoming slurry. Semi-quantitative analyses of the slope shows a ratio of non-olivine
to olivine phenocrysts of ∼ 3:1. This is a very loose calculation because changing
the Ca content of the pyroxene would have a profound eﬀect on the slope. But, if
this ratio is combined with point counting data, it appears that the incoming slurry
was likely carrying at least 20% phenocrysts (See trace element modeling for other
estimates of total phenocrysts). Additionally, the lower olivine horizon samples show
signiﬁcant scatter around the best-ﬁt line, indicating that each sample represents a
unique mix of olivine, plagioclase and a pyroxene, and thus the ∼ 3:1 ratio is only a
broad, but useful, generalization.
On a plot of Mg/Ti vs. (Mg + Fe)/Ti (Fig. 4.19), the bulk Mg# of the fraction139

Figure 4.18: The PER plot of (Al + Fe + Mg – 2*Ca – Na)/Ti vs. Si/Ti shows a
general ratio of non-olivine to olivine phenocrysts of ∼ 3:1 in the lower olivine horizon
while the upper olivine horizon is dominated by olivine accumulation. Red circles are
upper olivine horizon, green triangles are lower olivine horizon and blue squares are
diabase. Trendlines are in a corresponding color with 95% conﬁdence intervals in
grey.
ating phases should determine the slope. This plot has an R2 of 0.99, an excellent
ﬁt, and a slope of 0.78. This indicates that the incoming olivine and pyroxenes together had a consistent Mg# of 78.0. The upper olivine horizon samples also plot
very close to the rest of the olivine horizon on this plot, indicating they are also
likely the result of accumulation of the same Mg# bearing phases. The highest Mg#
olivine in the olivine horizon has a Mg# of 79.9. It is a small olivine chadacryst
in an augite oikocryst in thin section 967, and may represent the initial composition of all the olivine horizon olivines, before they re-equilibrated with trapped melt.
The composition of that olivine is listed in the accessory data available online (see
Appendix) and is further discussed in the mineral chemistry section. This PER plot
supports the hypothesis that olivine with a single uniform major element composition
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Figure 4.19: The strong linear trened and slope indicate that the incoming olivine
and pyroxene together had a consistent Mg# of 78.0. The symbols are the same as
Fig. 4.18
was transported into the sill and that the observed variation in Mg# is the result of
re-equilibration with the trapped carrier melt (Cawthorn et al., 1992).
The wide scatter on a plot of 2*Na/Ti vs. Al/Ti (Fig. 4.20) shows that the lower
olivine horizon samples are not related through the addition or removal of a constant
plagioclase composition, this is consistent with microprobe data which shows a progressively more An-rich composition up-section. Despite a limited sample size, the
upper olivine horizon samples form a strong linear trend with a signiﬁcantly diﬀerent
slope than the lower olivine horizon. This indicates that the lower olivine horizon and
upper olivine horizon plagioclase may have diﬀerent origins. This supports evidence
from other PER plots and P-D modeling that indicate that some of the plagioclase
in the lower olivine horizon may have been phenocrysts in the slurry, while the upper
olivine horizon lacks plagioclase phenocrysts. Scatter on this plot can also indicate
remobilization of Na in a volatile phase during cooling or by later alteration.
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Figure 4.20: The PER plot of 2*Na/Ti vs. Al/Ti indicates that the olivine horizon
samples are not related through the addition or removal of a constant plagioclase
composition. The symbols are the same as Fig. 4.18
The plot of (2*Ca + Na)/Ti vs. Al/Ti (Fig. 4.21) is one of the most important
plots for this study. There is an abundance of evidence from all sources showing that
olivine is an important phase in the slurry. The role of plagioclase and pyroxene
phases in the slurry, however, is less clear. The lower olivine horizon has a slope of
1.73 on this plot, but has signiﬁcant scatter. If plagioclase was the only Ca-bearing
phase in the olivine horizon, the samples would form a linear trend with a slope of 1.0,
while an Al-free Ca-bearing phase fractionating alone would produce a vertical trend.
Thus, there are likely at least two Ca-bearing phases in the lower olivine horizon. P-D
and trace element modeling and electron microprobe analysis indicate that augite is
likely an important phase, while the role of pigeonite is unclear. It is also likely that
plagioclase has some role in the slurry, and, as indicated by other PER plots and
P-D modeling, may be a locally important component of some samples, but scarce in
others.
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Figure 4.21: The PER plot of (2*Ca + Na)/Ti vs. Al/Ti indicates that both plagioclase and augite were likely present in the slurry. The symbols are the same as Fig.
4.18
In an attempt to determine the carrier liquid and the phases besides olivine in
the incoming slurry, point counting results were used in conjunction with whole rock
chemical analysis to model olivine-free rock compositions. First, linear interpolation
between whole rock analyses was used to model whole rock compositions corresponding to point counted thin sections. This assumed that the whole rock chemistry
corresponding to each thin section was an intermediate composition of the two adjacent whole rock analyses, weighted by proximity to each sample. This assumption is
problematic, because it is clear from the general variability and lack of clear trends
that rock composition varies randomly with height. This would be a safe assumption
for a sill like the 0601 sill, where vertical trends are clear. Despite the unpredictability
of compositional variability in the Palisades Sill olivine horizon, and because large
inter-sample variability is not common, this is a relatively safe assumption.
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Modal olivine was then subtracted from the modeled whole rock compositions
using the composition of the highest Mg# olivine in the microprobe analyses. Two
other models were made for comparison, one using the average olivine composition in
each thin section as calculated from probe analyses, and the other using the probed
olivine with the lowest Mg#. When plotted on most PER plots, the model using
the lowest Mg# olivine composition has the largest scatter, indicating that the good
linear trends calculated for the high Mg# olivine model are not simply the result
of using a uniform olivine composition. The high MgO olivine and average olivine
models yield very similar results. Since it is likely that the observed variability in
olivine major element composition was caused by re-equilibration with a trapped
liquid, rather than primary fractional crystallization, it is likely that the average
olivine composition determined for each thin section is not the average composition
of the olivine in that part of the slurry. Instead, it is likely that at least the majority
of the olivines had a similar composition that was lost through re-equilibration. It is
possible that the high MgO olivine in sample 967 records this early primitive olivine
composition. However, this model does not provide suﬃcient evidence to support or
negate this hypothesis.
When the olivine-free modeled rock compositions are plotted on PER plots (Fig.
4.22), the upper olivine horizon rocks that were previously separate from the lower
olivine horizon rocks, now typically plot near the lower olivine horizon rock compositions, near the low Si/Ti rocks. This indicates several important factors. First, this
shows that mixing a single melt composition with predominately olivine phenocrysts
for the upper olivine horizon, or a mix of plagioclase and, or, pyroxene phenocrysts
for the lower olivine horizon can reproduce the observed whole rock compositional
variation of the entire olivine horizon. Thus, there is no need for a compositionally
distinct magma to create the upper and lower olivine horizons. Instead, the lower
olivine horizon rocks can be created through the addition of olivine, plagioclase and
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Figure 4.22: The PER plot of (Al + Fe + Mg – 2*Ca – Na)/Ti vs. Si/Ti with modeled
olivine-free rocks indicates that the upper olivine horizon and lower olivine horizon
compositional variation could be the result of mixing diﬀerent phenocryst assemblages
with a common melt. Green triangles and red circles are whole rock compositions,
black symbols are modeled olivine-free rock compositions. The modeled rock linear
regression calculation only includes the lower olivine horizon samples.
pyroxene while the upper olivine horizon rocks can be created from the same parent
melt with only, or at least mostly, the addition of olivine. Second, since the upper
olivine horizon rocks have low Si/Ti ratios, they likely contain few non-olivine phenocrysts. Third, since scatter is reduced, while the ratio of ∼ 3:1 non-olivine to olivine
phenocrysts calculated earlier generally holds, there is still signiﬁcant variability in
the ratio of olivine to non-olivine phenocrysts between samples. Lastly, the slope of
0.15 on the plot of ((Al + Fe + Mg) -2*Ca – Na) /Ti vs. Si/Ti again indicates that
an augite rich mix of plagioclase and pyroxene can explain the remaining whole rock
major element compositional variability in the olivine horizon.
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4.3.2

Parent-Daughter Modeling

Parent Daughter modeling of the Palisades Sill olivine horizon was far more complex
and challenging than the P-D modeling of the 0601 sill. The 0601 sill has a lower
chilled margin that served as a clear starting point for the parent melt composition
and easily identiﬁable olivine and augite phenocrysts. Thermodynamic modeling of
the chilled margin composition (MELTS) showed the likely importance of plagioclase
as well as constrained the range of compositions likely for the three main phases.
Additionally, the stronger the contrast between parent and daughter, the easier it is
to assess the model, and the olivine cumulates in the 0601 sill in some samples contain
over 50% cumulus crystals.
On the other hand, P-D modeling in the Palisades Sill olivine horizon started
with only one initial constraint; olivine is present. The most diﬃcult challenge was,
what did the carrier liquid look like? Were there two or more pulses with phenocrysts
carried by diﬀerent melts?
Whole rock geochemistry concentrations were interpolated at heights where thin
section modal olivine was calculated. Then, the amount of olivine corresponding to
sample modal olivine was subtracted. The results were plotted on PER plots that
quickly showed that at least one other solid phase played a signiﬁcant role in the
chemical variation, but the additional phase was not apparent. (More on this in Ol
free rocks modeling)
The ﬁrst challenge was ﬁnding a parent liquid composition. A few samples deserved consideration as candidates, closest to the crystal-free melt composition. First,
sample 667.5 has the lowest Mg# in the olivine horizon, but, in this case the low Mg#
is caused by high Fe2 O3 t. Sample 892.5 has the lowest MgO content of all olivine
horizon samples analyzed, implying it could have the least olivine phenocrysts but, it
is not enriched in TiO2 or incompatibles trace elements, thus while it is indeed likely
low in olivine, it is still likely phenocryst-rich. Sample 334 is nearly the lowest in
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MgO and is the most enriched in several incompatible trace elements; Y, Zr, La, Ce,
Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Hf, and Th. However, for many of the
incompatible elements, sample 334 plots along the diabase trend, and thus, had been
interpreted as the result of local melt mixing. Finding the least phenocryst bearing
rock thus is a stumbling block.
However, PERs, whole rock major element geochemistry, and trace element modeling all indicated that the diﬀerence between the upper and lower olivine horizons is
a function of the types of phenocrysts, with the lower olivine horizon having a mix
of phases and the upper olivine horizon being dominated by just olivine phenocrysts.
Instead of identifying the most phenocryst-poor rock, isolating an olivine rich rock
was a simple task. Sample 998.5 has one of the highest MgO and Ni concentrations
and some of the lowest incompatible trace element compositions. Most importantly,
it is located only 0.5 cm away from a thoroughly analyzed thin section.
By subtracting the 23.6% modal olivine as observed in the thin section, from the
analyzed whole rock sample, an approximate parent liquid composition could be obtained. However, the olivine composition in the sill is variable. While ﬁnal olivine
compositions vary randomly with height, the relationship between olivine mode and
olivine Mg# suggested that ﬁnal olivine compositions were the result of post emplacement olivine re-equilibration. Five analysis of olivine 967-2, a small olivine chadacryst
contained in an augite oikocryst in thin section 967, shows a tight range of values and
is the most primitive olivine in the horizon. Using this olivine composition to model
olivine free-rocks is a logical choice. Thus, the composition of this olivine was used to
model the parent melt. If, this olivine is MgO enriched, maybe from re-equilibration
with the host augite, there is still ample evidence that the olivine phenocrysts were
closer in composition to the high MgO olivines found in the upper olivine horizon.
Since the whole rock compositional variation in the Palisades Sill is much smaller than
in the 0601 sill, the concentration of several trace elements in the olivine and parent
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melt were also modeled. Trace element concentrations were not used to calculate the
best-ﬁt, just to asses the quality of the ﬁt, and especially the phases required.
Comparing the modeled melt composition with the composition of sample 334,
shows decent agreement, indicating, that sample 334 may indeed be a reliable estimate
of phenocryst-free magma composition.

Figure 4.23: Left: Olivine, augite, and plagioclase added to the melt in each sample.
Center: Total phenocrysts added to each sample (wt%). Right: The SSQ ﬁt of each
modeled rock. Note that the two samples with the highest plagioclase also have the
worst ﬁt.
The P-D model mixes the modeled melt composition with the high MgO olivine
discussed above, probed average augite cores, and probed average plagioclase cores.
The model results show that pyroxene, orthopyroxene, pigeonite or augite (Fig. 4.23
Left) is an important phase needed to explain the compositional variation in the
Palisades Sill olivine horizon and, most importantly, that the quantity of olivine
and pyroxene phenocrysts show no systematic vertical variation (Fig. 4.23 Center).
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Model results for plagioclase are unclear. Of the 26 whole rock compositions modeled,
only eight samples include plagioclase. The two samples with the highest cumulus
plagioclase in the model are also the two samples with the highest SSQ (Fig. 4.23
Right).

Figure 4.24: Left: Initial diﬀerence between each sample and the modeled parent
melt. Right: Compositional diﬀerence between each sample and the modeled rock.
The dashed line at 4 is for reference between ﬁgures.
Model results are challenging to assess. Al2 O3 , CaO, and MgO are typically good
ﬁts. The magnitude of Na2 O, K2 O, MnO, and P2 O5 do not ﬁt well, but, the trends
generally match. SiO2 and TiO2 are poor ﬁts. Ni is generally a good ﬁt, indicating
that the role of olivine is well constrained by the model (Fig. 4.25). Cr and Sc
ﬁt well for some samples, but poorly for other samples, but show that at least one
clinopyroxene was likely an important phase. Zr ﬁt is also decent, showing that the
overall number of phenocrysts involved is generally correct, but, indicates that even
the number of total phenocrysts in some samples may be oﬀ. Sr is a good ﬁt in the
upper olivine horizon and in most of the lower olivine horizon. However, samples
771.5, 796.5, 818.5, and 847.5 have high Sr concentrations, relative to the model,
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indicating that these samples likely included a signiﬁcant quantity of plagioclase.

Figure 4.25: P-D-model results for Ni, indicate a good ﬁt for olivine, while the Cr and
Sc ﬁts indicate a decent ﬁt for augite, and the Zr ﬁt indicates that total phenocrysts
is also a decent ﬁt for most samples. Symbols are whole rock concentrations while
the dashed line is the model results. The model results are plotted as a line for
visualization only and does not imply that model results can be interpolated.
Based on augite-olivine Fe-Mg partitioning, it is likely that augite cores were
phenocryst phases or an early crystallized phase. Since Cr in the olivine horizon
is generally found in the augite cores, and Cr2 O3 concentration in augite cores is
vertically constant, variations in the quantity of augite phenocrysts must be driving
the whole rock Cr variation. We do not have microprobe data for Sc in augite, but, it
is typically compatible in augite, and shows a trend similar to Cr, further supporting
the hypothesis that varying amounts of augite phenocrysts are an important factor
for controlling vertical variations in whole rock composition.
Parent-Daughter modeling of the Palisades Sill Olivine Horizon is messy and far
less eﬀective than P-D modeling in the 0601 sill. The results have little quantitative
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strength, but do show, that olivine and augite were both mixed with the magma,
and there is good indication that plagioclase also played an active role in forming
the observed compositional variability. Also, the model re-enforces that there are no
systematic trends in cumulus phases in the olivine horizon, thus, model results cannot
be interpolated between samples.

4.3.3

Trace Element Modeling

Trace element modeling is particularly important for the Palisades Sill olivine horizon
because whole rock major element and mineral chemical trends are unclear. A similar
quantitative incompatible trace element model was used for the Palisades olivine cumulates as was used for the 0601 cumulates, with the exception that in the Palisades,
there is no clear phenocryst free rock.
Sample 334, the lowest sample in the olivine horizon contains the highest concentration of all of the REEs except Lu, as well as the maximum concentrations of Y, Zr,
Hf and Th. On this basis, it was selected as representing the least phenocryst-enriched
rock. The high incompatible element concentrations may also have been caused by
local mixing with incompatible trace element enriched melt moving upward from the
underlying diabase. Sample 334 has one of the lowest whole rock Ni contents in the
olivine horizon, only nominally higher than samples 847.5 and 818.5, indicating it is
likely one of the lowest olivine samples. Nearby thin section 324.5 has 3.5% modal
olivine, second lowest, next to thin section 807 with only 2.9% modal olivine.
Whole rock Cr content in sample 334 is 684 ppm, nearly the average concentration
of Cr in the olivine horizon samples. Since Cr in the olivine horizon is typically found
in the augite cores, it may indicate some enrichment in augite phenocrysts in the
sample. Additionally, the composition of sample 334 is largely similar to the modeled
parent liquid derived for the P-D model (see P-D modeling).
The whole rock concentrations of all the incompatible elements that are most
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enriched in sample 334 are normalized to the sample 334 concentration to determine
the degree of dilution of each element in the sample. The total quantity of phenocrysts
can be calculated from the degree of dilution. Error bars were also calculated for
each sample by calculating the standard deviation of the average for all the excluded
elements from the model results. Error bars are typically smaller than the symbols,
and thus not plotted.

Figure 4.26: Left: Total phenocrysts in each sample calculated using trace element
concentrations. Right: Comparison of TE-model results (red asteriks), P-D-model
results (blue circles) and modal olivine for the upper olivine horizon or 3x modal
olivine for the lower olivine horizon (green triangles).
Model results are plotted vs. height in ﬁgure 4.26 (Left). It is important to
remember that dilution is being calculated relative to sample 334, which is arbitrarily
set as having no phenocrysts. However, as mentioned above, point counting indicates
that the sample likely contains at least a 2-4% olivine phenocrysts and whole rock
Cr indicates it may also contain some augite phenocrysts. If this is the case, total
phenocrysts for each sample would need to be shifted to the right. On the other
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hand, if the sample is in fact enriched in incompatible trace elements from mixing
with evolved melt from the underlying diabase, than the model would need to be
shifted to the left.

Figure 4.27: Comparing total phenocrysts calculated using major elements (P-D modeling) and trace elements shows a general agreement in total phenocrysts calculated
between the two methods in the lower olivine horizon, but does not ﬁt as well for the
upper olivine horizon. The line with a slope of 1 is included for reference.
Comparison of total phenocrysts from the trace element model and the P-D model
(Figs. 4.26 Right and 4.27) shows that there is general agreement between the two
models with the exception of sample 334, which was used as the crystal free liquid in
the trace element model. Both models have poor resolution, but general agreement
between the two models is a good indicator that they are approaching a real solution.
Comparing results of the trace element model with point counting data (Figs. 4.26
Right), shows that in the upper olivine horizon, there is good agreement between
measured modal olivine and modeled total phenocrysts. In the lower olivine horizon, estimated total phenocrysts are typically about three times the measured modal
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olivine. PERs indicate that in the lower olivine horizon there is about three times
more non-olivine phenocrysts than olivine phenocrysts. Considering the complexity
of the data, agreement between the P-D modeling, trace element modeling, PERs,
and point counting is very powerful. Most importantly, these models show that in
addition to olivine, at least one other phase is essential to explain the compositional
variation in the lower olivine horizon, while all or most of the compositional variation
in the upper olivine horizon can be accounted for by olivine phenocrysts alone.

Figure 4.28: Comparing total phenocrysts calculated from tarce elements and whole
rock MgO content shows a clear distinction between the olivine dominated upper
olivine horizon and mixed phenocrysts of the lower olivine horizon.
A plot of trace element model results vs. MgO (Fig. 4.28) shows two distinct
groups. The lower olivine horizon, forms a tight linear trend, while the two upper
olivine horizon samples plot oﬀ the trend. Since most of the variation in total phenocrysts correlates so closely with whole rock MgO in the lower olivine horizon, it is
highly likely that all of the phenocrysts collectively have a similar MgO content. If
the ratio of olivine to total phenocrysts is fairly constant, as indicated by the other
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models, it is likely that the remaining phenocrysts have a MgO content similar to
augite. Thus, aside from olivine the main phenocryst phases can be augite, pigeonite,
and orthopyroxene. Since the low Cr content of orthopyroxene cores indicates they
are likely a later phase, pigeonite is the only other major solid phase that could have
been in the slurry. Despite this, it is still possible that a small amount of plagioclase
was present, but in this complex environment, it is beyond the models’ resolution.

4.4
4.4.1

Discussion and Conclusions
Discussion

This study proposes a model for the formation of the Palisades Sill olivine horizon
beginning in a deeper magma chamber where early formed crystals we accumulated.
Based on trace element ratios, the evolved melt that formed the rest of the Palisades
Sill likely originated in this same magma chamber. At some point, likely induced
by a new pulse of magma into the deep magma chamber, a slurry of approximately
15 – 20% phenocrysts was mobilized and emplaced into the Palisades Sill. As the
slurry arrived, it would have been denser than the existing magma, and as a result
would have been emplaced near the bottom of the sill. It is unclear how much
hybridization occurred between the Palisades Sill diabase and the olivine slurry. It
is also unclear if any of the olivine slurry melt or crystals settled into the partially
crystalline underlying diabase, or any evolved melt percolated up into the slurry layer.
As the slurry spread laterally, a small amount of ﬂow diﬀerentiation may have
limited the amount of phenocrysts at the base of the slurry, but does not appear
to have caused any other ﬂow segregation. The deeper magma chamber would likely
have emptied from top to bottom (see Mount Mazama eruption, Bacon and Lanphere
(2006)) and entered the Palisades Sill bottom to top. The magma would have possibly
been slightly more primitive at the top of the Palisades Sill olivine horizon, and more
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Figure 4.29: 1) Accumulation of crystals in a deeper magma chamber or elsewhere in
the plumbing system concentrates olivine (green triangles), augite (yellow rectangles)
and likely plagioclase (blue rectangles) and, or, piegonite (not shown) phenocrysts
2) & 3) The olivine slurry enters the sill, ﬁlling it in reverse stratigraphic order
of the accumulation chamber, resulting in higher modal olivine at the top of the
horizon. 4) Olivine re-equilibrates with trapped melt as the melt crystallizes augite,
orthopyroxene, and plagioclase.
evolved at the base of the horizon.
P-D modeling, mineral compositions, PERs and trace element modeling indicate
that the upper olivine horizon formed from an olivine dominated part of the slurry,
likely carrying close to 20% olivine phenocrysts. The lower olivine horizon was generally carrying between 3 – 10% olivine phenocrysts, as well as abundant augite, some
plagioclase and possibly pigeonite phenocrysts. Olivine phenocrysts made up only approximately one quarter of the total phenocryst load in the lower olivine horizon, as
indicated by trace element modeling and PERs. Thus, the slurry was likely carrying
close to 15 - 20% total phenocrysts throughout.
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While augite made up a signiﬁcant portion of the non-olivine phenocrysts in the
lower chilled margin, whole rock trace element compositions and P-D modeling indicate plagioclase may have also played an important role in some samples. Mineral
chemical analysis suggests that orthopyroxene was not a phenocryst phase in the
slurry. Since olivine and augite alone cannot explain all of the whole rock chemical
variation, and plagioclase is only important in a few samples, it is likely that pigeonite
was also a solid phase in the slurry. However, because of its similarity to the melt
composition, it is diﬃcult to identify pigeonite with P-D modeling. Likewise, the
compositional similarity of pigeonite to augite and orthopyroxene make it diﬃcult to
identify using PERs or trace element modeling. Some inverted pigeonite phenocrysts
can be clearly identiﬁed within larger orthopyroxene crystals. However, since the
pigeonite inverted to orthopyroxene and augite during slow cooling, primary mineral
composition is diﬃcult to determine.
After emplacement, olivine re-equilibrated with the surrounding trapped melt,
while augite and orthopyroxene rims grew from the same melt. Final olivine major
element compositions are controlled largely by the olivine-melt ratio, with little indication of the pre-emplacement olivine composition. Future studies using LA-ICP-MS
and high precision EMP may be able to uncover past histories of olivine populations by idenitfying populations with diﬀerent trace element concentrations or zoning
patters. Larger olivine crystals are generally more primitive than smaller crystals,
which may indicate that they were a more primitive phase, but could also be the
result of less re-equilibration. The large olivines with the most primitive compositions typically have slight core to rim normal zoning. There is insuﬃcient evidence
to determine if the olivine horizon contains more than one population of olivine in
terms of crystallization history.
Due to the high level of re-equilibration and strong control on whole rock geochemistry of the phenocryst assemblages, it is diﬃcult to constrain melt composition.
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Trace and major element variations do not indicate any variation in carrier melt composition. Modeling of olivine-free rocks indicates that all of the whole rock variation
can be modeled by mixing solid phases with a single parent melt composition.
There is also no evidence of multiple slurry pulses. Despite having seventeen thin
sections and twenty-six whole rock analyses from less than seven meters of rock, there
is insuﬃcient sample resolution to positively identify any trends that clearly indicate
distinct pulses. It is impossible to identify a reversal if there is no trend to be reversed.
Similarly, since trace element ratios are approximately constant through the section,
they cannot be used to identify distinct pulses. PERs and olivine-free whole rock
modeling combined with point counting and crystal size distributions indicate that
the upper olivine horizon formed from the same carrier melt, carrying the same olivine
population or populations as the rest of the olivine horizon, thus there is no evidence
that it formed from a distinct pulse.
The Palisades Sill olivine horizon preserves a chaotic mix of phenocrysts and
melt. While there may be some weak trends, it is generally not possible to interpolate
between samples; adjacent samples can be largely similar, or highly variable. The best
analogue for the Palisades Sill olivine horizon is bone-in chicken soup, an orderless
mass of chicken meat, bones, and vegetables immersed in a broth. Some like elements
may be clustered, but there is no model capable of predicting the spatial distribution
or variability.

4.4.2

Conclusions

The Palisades Sill olivine horizon contains a chaotic mix of crystals and magma with
little internal ordering or trends. A heterogeneous mix of melt, olivine, augite and
possibly plagioclase and pigeonite was emplaced in the sill with only a weak compositional gradient of more diﬀerentiated melt and crystals at the bottom, and more
primitive at the top. The slurry likely carried between 15-20% total phenocrysts, simi158

lar to the picritic slurries in Kiluea Iki (Murata and Richter, 1966). Post-emplacement
crystal settling and in-situ diﬀerentiation had little eﬀect on the internal organization
of the olivine zone. No observations require multiple slurry pulses, but that hypothesis cannot be negated either. Olivine major element composition is dominated
by trapped melt re-equilibration and thus provides little data for understanding the
early crystallization history of the olivine. Future work using high-precision electron
microprobe and LA-ICP-MS may be useful for identifying phenocryst and groundmass populations using slow diﬀusing trace elements such as Zr, P, and Ti. Since
there exists strong consensus that the olivine horizon is the result of an olivine slurry,
the observations and modeling of this study can provide essential insights for testing
slurry emplacement models in other sills and intrusions.
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Chapter 5
Basal Olivine Layers
5.1

Discussion

One of the major objectives of this study is discerning which basal olivine layers
are formed through crystal settling and in-situ diﬀerentiation, and which are formed
from injected olivine slurries. It has been well established that the Palisades Sill
olivine horizon was formed by the late-injection of an olivine slurry. As a sresult, the
Palisades Sill olivine horizon can be used as a type example of a slurry formed basal
olivine layer, to test the hypothesis that the 0601 sill formed from crystal settling and
in-situ diﬀerentiation rather than a late injected olivine slurry. Based on the results of
this project, the 0601 sill cannot be the result of an olivine slurry, primarily because
of the highly ordered nature of the compostional and petrographic trends within the
layer.

Modal Olivine and Crystal Size Distribution
In the 0601 sill, modal olivine follows a highly predictable trend steadily increasing
from ∼ 20% above the chilled margin to ∼ 60% at the top of the olivine cumulate
layer (Fig.5.1). Through this same interval, olivine size steadily increases from an
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Figure 5.1: Modal olivine in the 0601 sill steadily increases upwards until a maximum
in the upper olivine zone while modal olivine in the Palisades Ol. horizon shows no
clear height related trend.
average length of 0.3 mm to a maximum length of ∼ 1.25 mm before ﬁning upwards
into the augite cumulate layer. Olivine mode in the Palisades Sill Olivine Horizon
varies randomly with height between 3 and 10% in the lower olivine horizon and
then increases to 15- 20% in the upper olivine horizon. Average olivine diameter is
approximately constant throughout the olivine horizon, with an average size of 0.2
– 0.25 mm (Fig.5.2). P-D and trace element modeling show that the total amount
of cumulus minerals (phenocrysts) in the 0601 sill steadily increases upwards and is
largely dominated by olivine phenocrysts, while the total amount of cumulus crystals
(phenocrysts) in the Palisades varies randomly between 5 and 25% with olivine being
the dominate solid phase only in the upper olivine horizon.

Whole Rock Major and Trace Element Geochemistry
All the samples in the 0601 sill olivine cumulate layer follow a trend deﬁned by increasing olivine upwards from the base, until a maximum in the upper olivine cumulate
layer, followed by a slight decrease. Elements compatible in olivine, MgO, Fe2 O3 t, Co,
Mn, Ni, and Zn increase upwards (Fig. 3.38), corresponding to an increase in modal
olivine. Despite not being highly compatible in olivine, Cr, also increases upwards
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Figure 5.2: Olivine crystal size distribution in the Palisades Ol. horizon is generally
constant while olivine size increases upwards in the 0601 sill. Olivine crystal length
in the Palisades samples was calculated from crystal area by assuming circularity.
because it occurs in chromite micro-phenocrysts in many of the olivine crystals. On
the other hand, the elements incompatible in olivine, Al2 O3 , Ba, CaO, Ce, Cs, Cu,
Dy, Er, Eu, Gd, Hf, Ho, K2 O, La, Lu, Na2 O, Nb, P2 O5 , Pr, Rb, Sc, Sm, Sr, Ta, Tb,
Th, TiO2 , Tm, U, V, Y, Yb, and Zr, follow the opposite trend (Figs. 3.39, 3.40, 3.41
). SiO2 which is mildly excluded from olivine, follows a trend similar to that of the
incompatible elements. On the other hand, in the Palisades Sill, there are no clear
vertical trends. Additionally, since phases other than olivine are just as important in
controlling the whole rock composition in the Palisades olivine horizon, the concentrations of the olivine compatible and olivine incompatible elements do not simply
follow opposite trends as in the 0601 sill.

Mineral Chemistry
Olivine Mg# steadily decreases upwards in the 0601 sill, indicating that the olivine
formed from, or re-equilibrated with, increasingly evolved magma (Fig. 5.3). In the
Palisades Sill, olivine Mg# varies randomly with height, and is instead controlled
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Figure 5.3: Olivine core Mg# systematically decreases up section in the 0601 sill but
varies randomly with height in the Palisades Sill Ol. Horizon.
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by the olivine-melt ratio in the sample, thus, in the Palisades, high olivine mode
corresponds to high olivine Mg#. The opposite trend is found in the 0601 sill where
high olivine mode corresponds to low olivine Mg# (Fig. 5.4). NiO in olivine also
decreases with height, again indicating upwards evolution in olivine composition,
while NiO in olivine in the Palisades shows no trend (Fig. 3.42).

Figure 5.4: Olivine Mg# is controlled by upwards diﬀerentiation in the 0601 sill but
trapped liquid re-equilibration in the Palisades Sill Ol. Horizon.
Augite Mg# in the 0601 sill decreases upwards while augite Mg# is approximately
constant with height in the Palisades Sill (Fig. 5.5). In the 0601 sill, olivine cores
and augite cores are in equilibrium at increasingly lower temperatures starting from
near the chilled margin until the top of the olivine cumulate layer. On the other
hand, in the Palisades Olivine horizon, olivine cores and augite cores would only be
in Fe-Mg equilibrium at a temperature less than 1000ºC. Olivine cores and augite rims
however would be at equilibrium at ∼ 1100ºC. Further, the olivine-augite equilibrium
temperatures do not vary with height in the Palisades.
Plagioclase core compositions become more An# rich upwards in the Palisades
sill, but are approximately constant with height in the 0601 sill.(Fig. 5.6)
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Figure 5.5: Augite Mg# is constant and augites are zoned in the Palisades Sill Ol
Horizon while augite Mg# initially increases upwards in the 0601 sill and is unzoned.
Morphology and CSD
Olivine crystals in the 0601 sill typically form a unimodal size and composition population in each thin section. The crystals are typically subhedral-euhedral, and almost
always preserve multiple crystal faces and well-deﬁned terminations. Local textural relations that aﬀected re-equilibration control compositional diﬀerences between
morphologies. On the other hand, olivine in the Palisades Sill typically belongs to a
bimodal composition and size population, with large olivines generally more MgOrich. Small olivines in the Palisades have rounded morphologies, more typical of
mature, transported sand grains, than in-situ growth. Well-deﬁned crystal faces and
terminations are extremely rare amongst small olivines but are occasionally preserved
in the larger olivines. Large olivines are highly embayed, typical of dissolution. Some
large olivines preserve one or two crystal faces, but terminations are rare.
In the 0601 sill, olivine layer textures indicate slowing inwards cooling, with a clear
sequence of textural maturation. Within the Palisades Sill olivine horizon, there is
little vertical textural evolution, but a single thin section may contain sub-ophitic
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Figure 5.6: Plagioclase core An content increases upwards in the Palisades Sill Ol.
Horizon but is generlaly constant in the 0601 sill.
to ophitic sections, and poikilitic textures. Vertically, the quantity of each of these
textures varies, but the textures themselves vary little.

5.2

Conclusions

The olivine cumulate layer of the 0601 sill is internally well organized. Based on our
sampling and modeling, we can easily interpolate between samples and can conﬁdently
predict whole rock composition for almost every element, mineral compositions, modal
mineralogy, crystal size, texture, and morphology. On the other hand, the Palisades
Sill olivine horizon is highly chaotic. While samples may provide some insights into the
nature of their neighbors, we cannot conﬁdently predict that whole rock composition,
mineral compositions, and modal mineralogy would even be within the total observed
ranges. Crystal settling and in-situ diﬀerentiation are both processes that create
ordered trends, slurries on the other hand are chaotic.
While this project was only capable of providing limited insights into the formation
of the Palisades Sill olivine horizon, it has provided valuable insights into the nature
166

of some slurries. On the other hand, the highly ordered and strongly diﬀerentiated
0601 sill can only be the result of crystal settling and in-situ diﬀerentiation. Going
forwards, the layered intrusion community can use these as partial end-members for
discerning ordered and disordered olivine cumulate layers. It will be particularly
interesting to compare both of these olivine layers with the olivine cumulate layers
from the North Skye Sills which were also formed by slurries, but are reported to
have a diﬀerent distribution of phenocrysts controlled by initial phenocryst settling
and possibly ﬂow diﬀerentiation.
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Appendix A
Appendices
A.1

Data tables

Data tables for whole rock major and trace element composition and microprobe analyses are available for download online (https://works.bepress.com/james-haddad/) or
by request from the author (jhaddad1@binghamton.edu, naslund@binghamton.edu)

A.2

Olivine Tracing

Sample olivine tracing ﬁgures from 0.52 (diabase), 3.245 (lower olivine horizon), and
9.67 (upper olivine horizon) m above the sampling base. Black spots are olivines
not analyzed by microprobe, red spots are large probed olivines and blue spots are
small probed olivines. Average core Mg# is given for analyzed olivines. Images of
remaining thin sections are available online along with the accessory data tables.

Figure A.1: Example thin section from 0.52 m.
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Figure A.2: Example thin section from 3.245 m

Figure A.3: Example thin section from 9.67 m, because of the abundance of olivine,
a smaller section was highlighted.
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A.3

0601 Sill MELTS

Table A.1: MELTS liquid composition (wt%) at key events during fractional crystalization for best-ﬁt MELTS model (QFM+1).
Event

Temp

%XLS

SiO2

TiO2

Al2 O3

Fe2 O3 t

FeO

MnO

Begin Olivine
Begin Augite
Begin Plagioclase
End Ol
Begin Pigeonite
20.5% XLS

1243.1
1171.9
7.68
1161.6
1161.4
1157.8

0.00
7.00
51.25
16.59
16.67
20.53

50.53 1.12
51.25 1.19
1.20 15.31
51.49 1.31
51.49 1.31
51.54 1.36

14.26
15.24
2.56
15.16
15.16
15.08

2.49
2.56
8.61
2.67
2.67
2.73

8.87
8.59
0.11
9.08
9.08
9.28

0.11
0.11

K2 O

P2 O 5

H2 O

Mg#

0.67
0.72
0.72
0.79
0.79
0.83

0.09
0.10
0.10
0.11
0.11
0.12

0.30
0.32
0.32
0.36
0.36
0.38

61.0
54.6
54.31
51.5
51.4
50.1

Event

MgO

NiO

CaO

Begin Olivine
Begin Augite
Begin Plagioclase
End Ol
Begin Pigeonite
20.5% XLS

9.74
7.35
7.29
6.83
6.83
6.61

0.02
0.01
0.01
0.01
0.01
0.01

9.78 2.00
10.41 2.14
10.36 2.15
9.81 2.25
9.81 2.25
9.65 2.30
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Na2 O

0.12
0.12
0.12

REFERENCES
Asimow, P. D. and M. S. Ghiorso (1998), Algorithmic modifications extending MELTS
to calculate subsolidus phase relations, Am. Mineral., 83(9-10), 1127-1132.
Bédard, J. H., H. R. Naslund, P. Nabelek, A. Winpenny, M. Hryciuk, W. Macdonald, B.
Hayes, K. Steigerwaldt, T. Hadlari, and R. Rainbird (2012), Fault-mediated melt ascent
in a Neoproterozoic continental flood basalt province, the Franklin sills, Victoria Island,
Canada, Bulletin, 124(5-6), 723-736.
Bédard, J. H. (1994), A procedure for calculating the equilibrium distribution of trace
elements among the minerals of cumulate rocks, and the concentration of trace elements
in the coexisting liquids, Chem. Geol., 118(1-4), 143-153.
Bacon, C. R. and M. A. Lanphere (2006), Eruptive history and geochronology of Mount
Mazama and the Crater Lake region, Oregon, Geological Society of America Bulletin,
118(11-12), 1331-1359.
Barnes, S. J. (1986), The effect of trapped liquid crystallization on cumulus mineral
compositions in layered intrusions, Contributions to Mineralogy and Petrology, 93(4),
524-531.
Bédard, J. H., H. R. Naslund, P. Nabelek, A. Winpenny, M. Hryciuk, W. Macdonald, B.
Hayes, K. Steigerwaldt, T. Hadlari, R. Rainbird, K. Dewing, and É Girard (2012), Faultmediated melt ascent in a Neoproterozoic continental flood basalt province, the Franklin
sills, Victoria Island, Canada, Geological Society of America Bulletin, 124(5-6), 723736, doi:10.1130/B30450.1.
Bédard, J. H., N. Williamson, T. A. Dell'Oro, B. Hayes, M. Hryciuk, A. Winpenny, J. S.
Scoates, D. A. Weis, P. I. Nabelek, and H. R. Naslund (2011), Emplacement and
Eruption Style in the Franklin Large Igneous Province, Victoria Island, Arctic Canada,
paper presented at AGU Fall Meeting Abstracts.
Bédard, J. H. J., B. D. Marsh, T. G. Hersum, H. R. Naslund, and S. B. Mukasa (2007),
Large-scale Mechanical Redistribution of Orthopyroxene and Plagioclase in the
Basement Sill, Ferrar Dolerites, McMurdo Dry Valleys, Antarctica: Petrological,
Mineral-chemical and Field Evidence for Channelized Movement of Crystals and Melt,
Journal of Petrology, 48(12), 2289-2326, doi:10.1093/petrology/egm060.
Block, K. A., J. C. Steiner, J. H. Puffer, K. M. Jones, and S. L. Goldstein (2015),
Evolution of late stage differentiates in the Palisades Sill, New York and New Jersey,
Lithos, 230, 121-132.
Block, K. A., N. C. Steiner, J. C. Steiner, and J. H. Puffer (2007), Iron enrichment in
basaltic rocks of the Newark Basin: crystallization in an open system, paper presented at
Geol. Soc. Am. Abstr. Program.
Boudreau, A. E. (1999), PELE—a version of the MELTS software program for the PC
platform, Comput. Geosci., 25(2), 201-203.

Bowen, N. L. (1928), The Evolution of the Igneous Rocks. Princeton Univ, Press,
Princeton, New Jersey.
Cawthorn, G. R., B. K. Sander, and I. M. Jones (1992), Evidence for the trapped liquid
shift effect in the Mount Ayliff Intrusion, South Africa, Contributions to Mineralogy and
Petrology, 111(2), 194-202.
Cawthorn, R. G., S. Y. Chistyakova, R. M. Latypov, V. S. Kamenetsky, and L. V.
Danyushevsky (2017) A triple S-shaped compositional profile in a Karoo dolerite sill;
evidence of concurrent multiple fractionation processes, Geology 45(7) 603-606.
Chau, K. X. (2009), Mineral chemistry and origin of the olivine-rich zone of the
Palisades sill, Florida International University.
De Waal, S. A. (1996), Combined slope ratio analysis and linear-subtraction: An
extension of the Pearce ratio method, Geochim. Cosmochim. Acta, 60(14), 2551-2557.
Dickson, L. D. (2006), Detailed textural analysis of the Palisades sill, New Jersey,
University of Connecticut.
Dostal, J., W. Baragar, and C. Dupuy (1986), Petrogenesis of the Natkusiak continental
basalts, Victoria Island, Northwest Territories, Canada, Canadian Journal of Earth
Sciences, 23(5), 622-632.
Dowty, E. (1976), Crystal structure and crystal growth: II. Sector zoning in minerals,
Am. Mineral., 61(5-6), 460-469.
Dunning, G. R. and J. P. Hodych (1990), U/Pb zircon and baddeleyite ages for the
Palisades and Gettysburg sills of the northeastern United States: Implications for the age
of the Triassic/Jurassic boundary, Geology, 18(8), 795-798.
Fenner, C. N. (1908), Features indicative of physiographic conditions prevailing at the
time of the trap extrusions in New Jersey, J. Geol., 16(4), 299-327.
Fujii, T. (1974), Crystal settling in a sill, Lithos, 7(3), 133-137.
Garcia, M. O., J. M. Rhodes, E. W. Wolfe, G. E. Ulrich, and R. A. Ho (1992), Petrology
of lavas from episodes 2–47 of the Puu Oo eruption of Kilauea Volcano, Hawaii:
evaluation of magmatic processes, Bulletin of Volcanology, 55(1-2), 1-16.
Ghiorso, M. S. and R. O. Sack (1995), Chemical mass transfer in magmatic processes IV.
A revised and internally consistent thermodynamic model for the interpolation and
extrapolation of liquid-solid equilibria in magmatic systems at elevated temperatures and
pressures, Contributions to Mineralogy and Petrology, 119(2-3), 197-212.
Gibb, F. and C. Henderson (1989), Discontinuities between picritic and crinanitic units in
the Shiant Isles sill: evidence of multiple intrusion, Geol. Mag., 126(2), 127-137.
Gibb, F. and C. Henderson (1996a), The Shiant Isles Main Sill: structure and mineral
fractionation trends, Mineralogical Magazine, 60(1), 67-97.

Gilbert, A. J., F. K. Oppong, and R. S. Farr (2017), Flow and evolution of ice-sucrose
crystal mushes, Physical Review E, 95(4), 042606.
Gorring, M. L. and H. R. Naslund (1995), Geochemical reversals within the lower 100 m
of the Palisades sill, New Jersey, Contributions to Mineralogy and Petrology, 119(2-3),
263-276.
Gray, N. H. and I. K. Crain (1969), Crystal settling in sills: A model for suspension
settling, Canadian Journal of Earth Sciences, 6(5), 1211-1216.
Hauri, E. H., T. P. Wagner, and T. L. Grove (1994), Experimental and natural
partitioning of Th, U, Pb and other trace elements between garnet, clinopyroxene and
basaltic melts, Chem. Geol., 117(1-4), 149-166.
Hayes, B., J. H. Bédard, and C. J. Lissenberg (2015), Olivine Slurry Replenishment and
the Development of Igneous Layering in a Franklin Sill, Victoria Island, Arctic Canada,
Journal of Petrology, 56(1), 83-112.
Hayes, B., C. J. Lissenberg, J. H. Bédard, and C. Beard (2015b), The geochemical effects
of olivine slurry replenishment and dolostone assimilation in the plumbing system of the
Franklin Large Igneous Province, Victoria Island, Arctic Canada, Contributions to
Mineralogy and Petrology, 169(2), 22.
Heaman, L. M., A. N. LeCheminant, and R. H. Rainbird (1992), Nature and timing of
Franklin igneous events, Canada: implications for a Late Proterozoic mantle plume and
the break-up of Laurentia, Earth Planet. Sci. Lett., 109(1), 117-131.
Herrmann, W. and R. F. Berry (2002), MINSQ–a least squares spreadsheet method for
calculating mineral proportions from whole rock major element analyses, Geochemistry:
Exploration, Environment, Analysis, 2(4), 361-368.
Hofmann, A. W. (1988), Chemical differentiation of the Earth: the relationship between
mantle, continental crust, and oceanic crust, Earth Planet. Sci. Lett., 90(3), 297-314.
Holness, M. B., M. J. Cheadle, and D. McKENZIE (2005), On the use of changes in
dihedral angle to decode late-stage textural evolution in cumulates, J. Petrol., 46(8),
1565-1583.
Holness, M. B., C. Richardson, and R. T. Helz (2012), Disequilibrium dihedral angles in
dolerite sills: A new proxy for cooling rate, Geology, 40(9), 795-798.
Hoover, J. D. (1989), The chilled marginal gabbro and other contact rocks of the
Skaergaard intrusion, J. Petrol., 30(2), 441-476.
Hoshide, T. and M. Obata (2014), Spinel inclusions in olivine and plagioclase crystals in
a layered gabbro: a marker and a tracer for primary phenocrysts in a differentiating
magma reservoir, Contributions to Mineralogy and Petrology, 168(2), 1-13.
Huppert, H. E. and R. S. J. Sparks (1989), Chilled margins in igneous rocks, Earth Planet.
Sci. Lett., 92(3-4), 397-405.

Husch, J. M. (1990), Palisades sill: Origin of the olivine zone by separate magmatic
injection rather than gravity settling, Geology, 18(8), 699-702.
Jaeger, J. C. (1957), The temperature in the neighborhood of a cooling intrusive sheet,
Am. J. Sci., 255(4), 306-318.
Joplin, G. A. and J. C. Jaegar (1957), The problem of the quartz dolerites: Some
significant facts concerning mineral volume grain size and fabric. Appendix: The
variation of density and magnetic properties, paper presented at Papers and Proceedings
of the Royal Society of Tasmania.
Komar, P. D. (1972a), Flow differentiation in igneous dikes and sills: profiles of velocity
and phenocryst concentration, Geological Society of America Bulletin, 83(11), 34433448.
Komar, P. D. (1972b), Mechanical interactions of phenocrysts and flow differentiation of
igneous dikes and sills, Geological Society of America Bulletin, 83(4), 973-988.
Komar, P. D. (1976), Phenocryst interactions and the velocity profile of magma flowing
through dikes or sills, Geological Society of America Bulletin, 87(9), 1336-1342.
Langmuir, C. H. (1989), Geochemical consequences of in situ crystallization, Nature,
340(6230), 199.
Latypov, R., T. Morse, B. Robins, R. Wilson, G. Cawthorn, C. Tegner, M. Holness, C.
Lesher, S. Barnes, B. O’Driscoll, I. Veksler, M. Higgins, A. Wilson, O. Namur, R.
Chistyakova, H. Naslund, and P. Thy (2015), A fundamental dispute: A discussion of
“On some fundamentals of igneous petrology” by Bruce D. Marsh, Contributions to
Mineralogy and Petrology (2013) 166: 665–690, Contributions to Mineralogy and
Petrology, 169(2), 20.
Lewis, J. V. (1908), Petrography of the Newark igneous rocks of New Jersey, New
Jersey. Geological survey.
Loucks, R. R. (1996), A precise olivine-augite Mg-Fe-exchange geothermometer,
Contributions to Mineralogy and Petrology, 125(2-3), 140-150.
Mainwaring, P. R. and A. J. Naldrett (1977), Country-rock assimilation and the genesis
of Cu-Ni sulfides in the Water Hen Intrusion, Duluth Complex, Minnesota, Economic
Geology, 72(7), 1269-1284.
Marsh, B. D. (2006), Dynamics of magmatic systems, Elements, 2(5), 287-292.
Marsh, B. D. (2013), On some fundamentals of igneous petrology, Contributions to
Mineralogy and Petrology, 166(3), 665-690.
McKenzie, D. and R. K. O'nions (1991), Partial melt distributions from inversion of rare
earth element concentrations, J. Petrol., 32(5), 1021-1091.
Morgan, D. J., S. Blake, N. W. Rogers, B. De Vivo, G. Rolandi, and J. P. Davidson
(2006), Magma chamber recharge at Vesuvius in the century prior to the eruption of AD
79, Geology, 34(10), 845-848.

Murata, K. J. and D. H. Richter (1966), The settling of olivine in Kilauean magma as
shown by lavas of the 1959 eruption, Am. J. Sci., 264(3), 194-203.
Nakamura, Y. and D. S. Coombs (1973), Clinopyroxenes in the Tawhiroko tholeiitic
dolerite at Moeraki, north-eastern Otago, New Zealand, Contributions to mineralogy and
petrology, 42(3), 213-228.
Naldrett, A. J. (1999), World-class Ni-Cu-PGE deposits: key factors in their genesis,
Miner. Deposita, 34(3), 227-240.
Naldrett, A. J., P. C. Lightfoot, V. Fedorenko, W. Doherty, and N. S. Gorbachev (1992),
Geology and geochemistry of intrusions and flood basalts of the Noril'sk region, USSR,
with implications for the origin of the Ni-Cu ores, Economic Geology, 87(4), 975-1004.
Naldrett, T., J. Kinnaird, A. Wilson, and G. Chunnett (2008), Concentration of PGE in
the Earth's Crust with Special Reference to the Bushveld Complex, Earth Science
Frontiers, 15(5), 264-297.
Naslund, H. R. (1984), Supersaturation and crystal growth in the roof-zone of the
Skaergaard magma chamber, Contributions to Mineralogy and Petrology, 86(1), 89-93.
Naslund, H. R., J. W. Sparks, and M. R. Fisk (1995), 5. Computer Modeling of Major
and Trace Element Variations of Hole 504B Diabase and Basalt, paper presented at
Proceedings of the Ocean Drilling Program, Scientific Results.
Naslund, H. R., J. Bédard, K. Steigerwaldt, and D. Dye (2013), Origin of S and M and
reversed S and M shaped profiles in two Proterozoic mafic sills from the Franklin
magmatic event, Victoria Island, NWT, Canada., paper presented at EGU General
Assembly Conference Abstracts.
Olsen, P. E. (1980), Triassic and Jurassic formations of the Newark Basin, paper
presented at Field studies of New Jersey geology and guide to ﬁeld trips: 52nd annual
meeting of the New York State Geological Association, ed. W. Manspeizer.
Olsen, P. E. and D. V. Kent (1996), Milankovitch climate forcing in the tropics of
Pangaea during the Late Triassic, Palaeogeogr. , Palaeoclimatol. , Palaeoecol., 122(1), 126.
Olsen, P. E., D. V. Kent, B. Cornet, W. K. Witte, and R. W. Schlische (1996), Highresolution stratigraphy of the Newark rift basin (early Mesozoic, eastern North America),
Geological Society of America Bulletin, 108(1), 40-77.
Pearce, T. H. (1968), A contribution to the theory of variation diagrams, Contributions to
Mineralogy and Petrology, 19(2), 142-157.
Pearce, T. H. (1970), Chemical variations in the Palisade Sill, J. Petrol., 11(1), 15-32.
Puffer, J. H. and P. Lechler (1980), Geochemical cross sections through the Watchung
Basalt of New Jersey, Geological Society of America Bulletin, 91(1 Part II), 156-191.
Puffer, J. H., K. A. Block, and J. C. Steiner (2009), Transmission of flood basalts through
a shallow crustal sill and the correlation of sill layers with extrusive flows: The Palisades

intrusive system and the basalts of the Newark Basin, New Jersey, USA, J. Geol., 117(2),
139-155.
Rainbird, R. H., C. W. Jefferson, and G. M. Young (1996), The early Neoproterozoic
sedimentary Succession B of northwestern Laurentia: correlations and paleogeographic
significance, Geological Society of America Bulletin, 108(4), 454-470.
Rainbird, R. H. (1992), Anatomy of a large-scale braid-plain quartzarenite from the
Neoproterozoic Shaler Group, Victoria Island, Northwest Territories, Canada, Canadian
Journal of Earth Sciences, 29(12), 2537-2550.
Rainbird, R. H. (1993), The sedimentary record of mantle plume uplift preceding
eruption of the Neoproterozoic Natkusiak flood basalt, J. Geol., 101(3), 305-318.
Robock, A. (2000), Volcanic eruptions and climate, Rev. Geophys., 38(2), 191-219.
Russell, J. K. and J. Nicholls (1988), Analysis of petrologic hypotheses with Pearce
element ratios, Contributions to Mineralogy and Petrology, 99(1), 25-35.
Russell, J. K., J. Nicholls, C. R. Stanley, and T. H. Pearce (1990), Pearce element ratios:
A paradigm for testing hypotheses, Eos, Transactions American Geophysical Union,
71(5), 234-247.
Sato, H. (1977), Nickel content of basaltic magmas: identification of primary magmas
and a measure of the degree of olivine fractionation, Lithos, 10(2), 113-120.
Shellnutt, J. G., J. Dostal, and J. D. Keppie (2004), Petrogenesis of the 723 Ma
Coronation sills, Amundsen basin, Arctic Canada: implications for the break-up of
Rodinia, Precambrian Res., 129(3), 309-324.
Shirley, D. N. (1987), Differentiation and compaction in the Palisades sill, New Jersey, J.
Petrol., 28(5), 835-865.
Simkin, T. (1967), Flow differentiation in the picritic sills of North Skye. Ultramafic and
related rocks, 64-70.
Steigerwaldt, K. M. (2013), Crystal settling and in-situ magma differentiation in
Neoproterozoic sills of the Franklin Igneous Event, Victoria Island, NWT, Canada, State
University of New York at Binghamton.
Steiner, J. C., R. J. Walker, R. D. Warner, and T. R. Olson (1992), A cumulus-transportdeposition model for the differentiation of the Palisades sill, Special Paper of the
Geological Society of America, 268, 193-217.
Sugawara, T. (2000), Thermodynamic analysis of Fe and Mg partitioning between
plagioclase and silicate liquid, Contributions to Mineralogy and Petrology, 138(2), 101113.
Sugawara, T. (2001), Ferric iron partitioning between plagioclase and silicate liquid:
thermodynamics and petrological applications, Contributions to Mineralogy and
Petrology, 141(6), 659-686.

Walker, F. (1940), Differentiation of the Palisade diabase, New Jersey, Bull. Geol. Soc.
Am., 51(7), 1059-1104.
Walker, F., J. C. Jaeger, G. Joplin, and H. H. Hess (1956), The magnetic properties and
differentiation of dolerite sills; a critical discussion, Am. J. Sci., 254(7), 433-451.
Walker, K. R., (l969)—The Palisades Sill. New Jersey—a re-investigation, Special
Papers. Geological Society of America.
Walker, K. R. (1969), A mineralogical, petrological, and geochemical investigation of the
Palisades sill, New Jersey, Geological Society of America Memoirs, 115, 175-188.
Wang, C. Y., M. Zhou, and L. Qi (2010), Origin of extremely PGE-rich mafic magma
system: an example from the Jinbaoshan ultramafic sill, Emeishan large igneous
province, SW China, Lithos, 119(1), 147-161.
Williamson, N., J. H. Bédard, L. Ootes, R. Rainbird, B. Cousens, and A. Zagorevski
(2013), Volcanostratigraphy and significance of the southern lobe Natkusiak Formation
flood basalts, Victoria Island, Northwest Territories, Geol Surv Can Curr Res, 16, 13.
Zieg, M. J. and B. D. Marsh (2012), Multiple reinjections and crystal-mush compaction
in the Beacon Sill, McMurdo Dry Valleys, Antarctica, J. Petrol., 53(12), 2567-2591.
Zieg, M. J. (2014), Petrologic evolution of a Nipigon diabase sill, Ontario, Canada:
insights from compositional and textural profiles, Economic Geology, 109(5), 13831401.

