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Abstract

An upper-crustal intrusive network in the 201.5 Ma, rift-related Central Atlantic Magmatic Province is exposed in the western
Newark basin (PA, USA). Alpha-MELTS modeling was used to track magma evolution starting with initial pyroxene crystal-
lization at depth (1000-500 MPa); plagioclase crystallized during ascent in the upper crust. For magma emplaced at 5-6 km
depth (170 MPa), six MELTS models were generated to bracket different composition, H20 (1-3 wt.%), and crystallinity (28-49
vol.%). Corresponding magma viscosities evolved from 3 to 1624 Pa-sec (predicted using Giordano et. al 2008; Moitra and
Gonnermann 2014). Detailed crystal mush structures in a diabase sill are revealed in a dimension stone quarry. Ubiquitous
asymmetric modal layers a few mm thick comprising plag-rich layers (PRL, 75% modal plag) overlying more pyx-rich layers
outline the tops of hundreds of dm-m scale flow lobes in the quarry. Tabular plag in PRL show shape-preferred orientations,
tiling, and pressure shadows around larger pyx that resemble analog experiments on particle slurries and indicate flow with
limited mechanical compaction. During magma emplacement, recursive interactions of propagation, sorting, and crystallization
self-organized as flow lobes with plag entrained and aligned along lobe tops. Our calculations show plag separation can reduce
bimodal suspension viscosity; a positive feedback likely enhanced by shear thinning and crystal alignments. EDS analyses
and X-ray maps show that plag has oscillatory-zoned cores (An82-67) with patchy-zoned mantles (An67) filled in by An66-63.
In PRL, plag are cemented together by An62-55; Na-rich rims occur next to qtz-Kspar pockets. By the end of cementation,
PRL liquid volume was significantly reduced to 11-18% compared with 28-45% in overall magma based on MELTS models for
An62-55 plag. Diabase suspension viscosity increased to >6000 Pa-sec; PRL viscosity cannot be modeled by equations based on
random packing. PRL with aligned interlocking crystals were more rigid and less permeable than surrounding diabase. Upward
flow of magma after modal layer development was channelized into pipes truncated and deflected by PRL. Thus, lateral flow

during emplacement developed sub-vertical heterogeneities that exemplify complex mush rheology over m-scale distances.
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1. INTRODUCTION

Click HERE for a brief audio summary of the entire poster.

Summary: Magma reservoirs are thought to be mostly crystalline for most of their lifetimes. Sub-volcanic
intrusions are logical places to study crystal mushes, but plutonic rocks are overprinted and incomplete records
that need to be interpreted within the context of an entire magmatic system. We find an appropriate upper-crustal
magma system comprising a sill-dike network from basalt down to a sill intruded at 5.5-6 km (Section 1). The
network is part of the 201.5 Ma Central Atlantic Magmatic Province (CAMP), a global-scale magmatic event
associated with rifting of Pangaea.

This poster focuses on solidified basaltic crystal mush (diabase = dolerite = gabbro) in an upper-crustal sill and
associated sub-volcanic plumbing system. A general history of the magmatic system, and evolution of mush
composition and rheology during crystallization, are developed using field evidence (Sections 2 and 5), mineral
compositions and petrography (Section 3), P-T estimates and thermodynamic modeling (Section 4), and
crystallinity estimates and viscosity modeling (Sections 4-5).

Figure 1-1: Maps and information about the Central Atlantic Magmatic Province in Eastern North America and
the study area in the Newark basin.

Central Atlantic Magmatic Province (CAMP) — Large Igneous Province, global extent, rifting of Pangaea
' Our study area is upper-crust cross-section exposed in western Newark basin, Pennsylvania, USA

Newark basin, NY-NJ-PA

western Newark basin (red box), see Fig. 1-2

Eastern North America CAMP

Jacksonwald basalt = Orange Mtn. basalt

St Peters sill = Palisades sill \

Greg McHone, CAMP website,
http://www.auburn.edu/acad
emic/science_math/res_area/
geology/camp/

ENA CAMP map (right),
Martha Withjack, (Withjack
and Srogi, 2020 meeting
abstract, Geol. Soc. America)

Major early CAMP episode at 201.520  0.034 Ma eARm

[ | Boonton Formation i
Orange Mtn. basalt = Jacksonwald basalt (and equivalents) Roy Schlische, % [ Hook Mountain Basalt -: :::::, ——
2 < 4 [ Towaco Formation
Duration: ~ 100,000 years http://wwwrelTutgers. 3 0 preakness Basalt EEEEE Conglomerate
= edu/~schlisch/ £ [ Feltville Formation / e
Area: ~ 2-3 million km? S [ orange Mountain Basalt ormal fau
. ° =——— Passaic Formation = Strike-slip fault
(Blackburn, 2013; Marzoli et al., 1999, 2011) £8 === Lockatong Formation
-2 [ stockton Formation

Figure 1-2: Maps and cross-sections showing the entire upper-crust sill-dike network exposed in the western
Newark basin, and the St Peters sill comprising the crystal mush that is the focus of this poster.
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SR &N Morgantown-Jacksonwald Intrusive Complex, western Newark basin

Geologic units from USGS on Google Earth base map

Study location: St Peters sill, intruded at 5.5-6 km depth

NW Jacksonwald basalt  valley border today_ _ e
e T EE———
e
== sl
= —_— Triassic rift
& i dia sediments
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eters ) sl —%”' luwp P X / . Triassic rift
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010'\(. 'study location I 2 :F n 4
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/ 10 km
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Erosion and post-magmatic tilting towards border fault exposes complete cross-
section of sill-dike network from Jacksonwald basalt at paleo-surface (next to
border fault, Jacksonwald syncline) to St Peters sill that intruded basement at 5.5-6
km paleo-depth (numbers on map above, paleo-depth estimates; Srogi et al., 2017).

Arrow — strike of sill
Sill dips NNW (towards viewer)

Upper left: Schematic cross-section looking NNW, minimal vertical exaggeration.
Yellow circles are sample locations referenced on this poster, including dimension
Elverson, PA, USA stone quarry in St Peters sill (bottom left) that is main focus of this poster.

Dimension stone quarry near base of St Peters sill,

https://agu2020fallmeeting-agu.ipostersessions.com/Default.aspx?s=D3-A3-FE-3C-21-E7-01-50-43-16-58-21-02-9F-4B-A8&pdfprint=true&guestview...  3/19
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2. CRYSTAL MUSH AND FLOW: MACRO- AND MICRO-
STRUCTURES

Summary: In the dimension stone quarry near the base of the St Peters sill (SPS), hundreds of millimeter-scale
plagioclase- and pyroxene-rich modal layers (PRL, PXL) occur along tops of decimeter- to meter-scale flow
lobes. Macro-structures resemble wax-in-gelatin simulations of pulsed magmatic intrusion (Currier and Marsh,
2015). Microstructural evidence that lateral flow was the primary process and more important than compaction
includes: shape-preferred orientations of plagioclase (PLAG) in PRL parallel to inclined layer margins; tiling of
PLAG grains; wrapping and pressure shadows of PLAG around larger pyroxene (PX) grains within PRL.
Microstructures resemble spindle viscometer experiments using bimodal analog particle slurries (Cimarelli et al.,
2011).

Figure 2-1: Location and information about dimension stone quarry near base of SPS. The quarry measures
roughly 60m x 50m, with a total of about 20m vertical exposure.

-2 Basaltic crystal mush (diabase, dolerite, gabbro) exposed in dimension stone quarry

Walls of the quarry are cut (not blasted), oriented almost parallel to strike and dip of the sill
Magmatic structures are visible with uncommon clarity and detail
Asymmetric modal layering and vertical up-indicating structures preserve primary orientations

Arrow — strike of sill
Sill dips NNW (towards viewer)

Google Earth
image,
overhead
view

Geologic units from USGS on Google Earth base map

Figure 2-2: Macro-structures - plagioclase-rich layers (PRL) and flow lobes - in diabase crystal mush in the SPS
dimension stone quarry, viewed on wall cut parallel to strike of sill, normal to dip of PRL.

https://agu2020fallmeeting-agu.ipostersessions.com/Default.aspx?s=D3-A3-FE-3C-21-E7-01-50-43-16-58-21-02-9F-4B-A8&pdfprint=true&guestview... 4/19
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Quarry wall, modal layering is dipping towards viewer

—
+—e about 5 mm

no vertical exaggeration

Basaltic crystal mush macro-structures: modal layering,
& plagioclase-rich layers (PRLs) outline tops of flow lobes

Left: Quarry wall with 4 asymmetric modal layers: light gray, plagioclase-rich

Right: Quarry wall, 3.7m high.
PRL along tops of lobate
structures (yellow outlines
added). Inset: rose diagram
—/memal PRL showing orientations of 977
—/?— PRL on wall are essentially
horizontal (work of WCU student
Kirby Gimson; Srogi et al. 2010).

layer (PRL) above a dark pyroxene-rich layer (PXL, yellow arrows), each a
few mm thick; (see drawing beneath quarry wall image). Modal layers
outline tops of internally-layered diabase lobes, each about 10-40 cm thick.
Dark channels of mafic melt (MC) transect, post-date layering; channelized
melt moved up, displacing layers (see more in Section 5, mush rheology).

Figure 2-3: Flow lobes viewed on wall cut normal to sill strike and parallel to PRL dip; and on block surface cut
at shallow angle (about 20°) to PRL dip. Latter section shows overlapping lobes similar to wax-in-gelatin models

of pulsed magmatic flow (Currier and Marsh, 2015). This link may take you to the wax model videos; note
especially Videos 3 and 5: Link to videos of wax models, Currier and Marsh (2015) (http://dx.

doi.org/10.1016/j.jvolgeores.2015.07.009)

-4 2B Basaltic crystal mush macro-structures: flow lobes are similar to wax models resulting from pulsed magma flow

Below: Quarry wall about 3m high, cut perpendicular to
strike of sill, showing dip of modal layering to NNW
caused by post-magmatic movement along rift valley
border fault. PRL along outline tops of lobate shapes
(some outlined in yellow). Inset: rose diagram of 475
PRL orientations on wall, showing average dip 20° NNW
(work of Kirby Gimson; Srogi et al. 2010).

Quarry wall, modal layering is dipping to NNW

Cut block, horizontal surface oblique to PRL;
viewer looking up to N at flow lobe bottoms

3113 6313

Currier and Marsh,  10cm
2015, Fig. 4

Above: Flow lobe shapes in quarry block cut at low angle to layer dip. Shapes
resemble experimental results of Currier and Marsh (2015), (right). A single
influx of wax into gelatin produced pulsed flow and lobate structures due to

interplay of propagation and solidification of wax along the flow front(s).

We interpret diabase macro-structures as also resulting from lateral, pulsed
flow of crystal slurries — further evidence comes from micro-structures.

Figure 2-4: Orientation of thin section for viewing and measuring micro-structures in the PRL.

https://agu2020fallmeeting-agu.ipostersessions.com/Default.aspx?s=D3-A3-FE-3C-21-E7-01-50-43-16-58-21-02-9F-4B-A8&pdfprint=true&guestview...
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m Oriented thin section sample cut from rock slab from diabase dimension stone quarry
Viewer is looking along dip direction to NNW, short dimension of section is parallel to strike
Plagioclase (PLAG) in light image is colorless; dark grey in BSE images (below)
Pyroxenes (PX) are medium-gray in BSE images; orthopyroxene (OPX) phenocrysts are outlined in yellow

Back-scattered electron (BSE) images of same thin section

O OPX phenocrysts: =2

Light image: scanned thin section
w ) E]

Rock slab (below) cut
from N wall of quarry,/""

PRL

G BLE €2 Nouae
EC-,E g3 ou30e

/
=
1\

about 46 mm

about 23 mm

Figure 2-5: Plagioclase-rich layer (PRL) viewed in thin section (cross-polarized light) showing shape-preferred
orientations of PLAG.

m Prominent plagioclase-rich layer (PRL)
across entire thin section; cross-polarized light
Section is parallel to strike of sill; viewer is looking
along dip direction to NNW; PRL outlined in yellow
: .

Plag in inclined

part, n=122;

B red line shows
trend of

Y inclined PRL

" |
v meanazimuth 1
t

B#CE 1609 plagioclase (PLAG) grains across this entire PRL (Watson et al., 2019).
.
{ PLAG shape-preferred orientations average horizontal (rose diagram above),

but parallel inclined layer margins (rose diagram, top right).

PLAG crystals are aligned primarily by flow, not compaction.

Figure 2-6: Micro-structural evidence for flow in PRL, similar to structures in analog experiments in bimodal
slurries resulting from shear flow and shear thinning (Cimarelli et al., 2011).

https://agu2020fallmeeting-agu.ipostersessions.com/Default.aspx?s=D3-A3-FE-3C-21-E7-01-50-43-16-58-21-02-9F-4B-A8&pdfprint=true&guestview...  6/19
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m Micro-structures in 3 perpendicular thin sections indicate shear flow within PRL

A PLAG, ave. 0.2mm
OPX, 1-2 mm max.

o . >
(Cimarelli et al.
2011, Fig. 7a)

(A-B) show separation into
PRL and PXL, similar to analog experiments on
bimodal slurries (C-D, Cimarelli et al., 2011, Fig. 6)

Flow structures are similar to analog viscometer experiments on bimodal crystal slurries by Cimarelli et al. (2011): shear
flow and shear thinning caused separation of small fibers (=PLAG) from larger spheres (=OPX), and flow alignment of fibers

Flow indicators in PRL

experiments (E) :
Pressure shadows (F,
yellow circles) around
larger OPX
PLAG wrapping
pyroxene in vertical (G)
and plan view (H)

Tiling of PLAG grains ,
one of the best flow
indicators, in vertical (1)
and plan views (J)

Shear sense indicators
are consistent with
lateral flow and
spreading, mainly
from east to west and
south to north
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3. CRYSTALLIZATION STAGES: MINERAL COMPOSITIONS
AND TEXTURES

Summary: Key changes in mineral composition are linked to stages of magmatic system evolution in mid-to-
deep and upper crust. Basalt eruption occurred relatively early; layered crystal mush in the St Peters sill
developed after basalt eruption. Change in augite compositions from Fe-enrichment trend to an unusual Ca-
enrichment trend is linked to PRL formation.

Figure 3-1: Plagioclase composition and zoning patterns are consistent throughout sill-dike-basalt network and
preserve stages of mush crystallization. Figures in Sections 3-4, and data tables in Sections 3-5, use consistent
color scheme based on stages related to PLAG zoning.

Fig. 3-1 Plagioclase has similar composition and zoning pattern throughout sill-dike-basalt network and is key to
: interpreting magmatic history

Back-scattered electron image (left)
EDS x-ray map, false color for Ca (below)

~Rimstep
= An45-a4

Embayment

(mol %)

Plagioclase features in SPS diabase:

 euhedral to anhedral cores with oscillatory zoning (An83-67); bright pink colors on Ca x-ray map above right; some
cores are broken, embayed (resorption)

« cores are surrounded by mantles of An67-63; red color on Ca x-ray map above right

« in PRL, adjacent PLAG grains are “cemented” by An63-56; orange colors on x-ray map; embayments are filled by mantle
or cement composition

EDS linescans (not included here) show distinct steps from mantle, cement, and rim compositions

Figure 3-2: Pyroxene compositions: phenocryst cores are consistent throughout sill-dike-basalt network; 2 trends
are identified for augite (AUG).

i:4:2¥H Pyroxene compositions in the SPS, basalt, and a diabase chill margin

Pyroxene compositions
recalculated using
scheme of Lindsley
(1983), plotted on
quadrilateral diagram

All data for SPS except
some Phenocryst cores

© Pheno cores, Basalt-chill
+ Pheno cores, SPS
© Pheno inner rims (step)
~* e Mg-rich Matrix
o PRL and Matrix
= PRL and Fe-rich Matrix
+ S0l

Fs

SPS: St Peters sill; PRL: Plagioclase-rich layer; SOI: AUG-PLAG sub-ophitic intergrowth

OPX and AUG show normal Fe-trend of increasing Fs component
(increasing Fe) from phenocryst cores to sub-ophitic AUG-PLAG
intergrowths to most Mg-rich matrix grains.

Ca-trend in AUG, increasing Wo component with same or increasing
Mg#, is not predicted by models of 2-pyroxene fractionation.

8/19
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Figure 3-3: Similar early-formed crystal cargo in Jacksonwald basalt and St Peters sill demonstrates volcanic-
plutonic link and relative timing of eruption(s) in history of this magma system.

m Crystal cargo in St Peters sill diabase and Jacksonwald basalt: same features of early crystallization

St Peters SIL! Crystal cargo and history: = » o— Jacksonwa_ld BA LT.

OPX phenocrysts (A-E). Resorption

(note shape of dark green core in C),
and inclusion in AUG in basalt (E). In
SPS, OPX has step to lower Mg# with

.@ ,

inner diffusion rim (bright green, C). B Altered OLIV
R o e
; 4 AUG phenocrysts in SPS (F) also D. OPX, olivine, AUG (digital
: i e have step to inner rim (yellow-to- image, plane-polarized light)
A-C. Euhedral OPX phenocrysts i q
green transition in Mg x-ray map, F). E. AUG with inclusions of OPX

(digital image, plane-polarized light)
B. BSE image of OPX. PLAG
inclusions (yellow boxes)

C. same image with false color.

outlined) and PLAG (BSE image,
PLAG phenocrysts are not common, ! ! ! g

have fine-scale oscillatory zoning in
cores (G-H), An83 to An67.

Basalt PLAG is in open clusters (I-J);
PLAG-PLAG contacts (black circle, H)
are core compositions.

PLAG inclusions in OPX, AUG

phenocrysts (B-C, E-F) are also core
compositions, An83-67.

F. AUG phenocryst, EDS x-ray
map, false color for wt.% Mg.
PLAG inclusion (yellow box)

G. PLAG with fine-scale

oscillatory zoning in core OPX was first phase; resorbed H. PLAG with fine oscillatory

(digital image, cross-polarized (during ascent?) zoning, EDS x-ray map for wt.% Ca

light) I-). PLAG phenocrysts in open
Basalt was er“PtEd before PLAG clusters, (digital images; I. plane-
mantles crystallized and J. cross-polarized light)

Figure 3-4: During and after eruption(s) came an active interval of multiple resorption and recharge events.
Crystallization resumed with growth of plagioclase mantles and augite following the Fe-enrichment trend.

m Magma Crystallization following Basalt Eruption:
PLAG Ca maps ; Recharge, Resorption, Resumption Matrix AUG and

- OPX interpreted as
co-crystallized (BSE
image). Cores are
red circles on
quadrilateral

o

Sub-ophitic intergrowths grew by capture of
PLAG cores (bright yellow, below right) and
cotectic crystallization of AUG (bright blue)

L ; with PLAG of mantle composition, down to %
, : < X diagrams below.
PLAG wt.% Ca x-ray map, composition thresholds. An62. Note lack of PLAG with lower An values =
left: pink zoned cores An83-67; right: cores and (orange) within sub-ophitic intergrowth. Growth of phenocryst rims, sub-
red mantles An67-63. (black: other PLAG comps.) = " - ophitic intergrowths, and matrix with
Note patchy edges on cores, mantles Sub-Dphlt'IC AUG-PLAG |nte!'growth (BSE {mage PLAG mantles mark the Fe-rich end of
on left, with false color on right). AUG (bright the Fe-trend in AUG compositions.
Patchy edges of PLAG cores and mantles blue); PLAG (yellow to orange); Quartz (magenta) —
(above) are interpreted as episodic |l ) i € % W, ‘

resorption at end of core growth, and

during and after mantle growth. i -
Augite S
PLAG inclusions with mantle compositions ’ og
are found in OPX rims (below) that grew ’ sé
after partial OPX resorption. F d
Recharge is indicated by higher-Cr AUG cores . e'tre',' LR
OPX phenocrysts (BSE in sub-ophitic intergrowth (dotted outlines in
image) with Mg-rich core false color image above right).
in red false color. AUG compositions in sub-ophitic intergrowth ~ Orthopyroxene
PLAG inclusions (arrows), (core and rim) are plus signs on quadrilateral E : ” > :
are An67-62, mantle diagram (right =3). : m
compositions. to Fs >

Figure 3-5: Ca x-ray maps with composition thresholds show the progressive growth of plagioclase in 4 areas of
a plagioclase-rich layer (PRL). Timing of PLAG alignment and PRL formation is identified: after PLAG mantles
and before cementation of the PRL.

https://agu2020fallmeeting-agu.ipostersessions.com/Default.aspx?s=D3-A3-FE-3C-21-E7-01-50-43-16-58-21-02-9F-4B-A8&pdfprint=true&guestview...
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cores (bottom) = mantles = cement > rims (top)

END here: Top row: unthresholded map
shows PLAG cores to PLAG rims An56-35
(lowest An next to interstitial quartz)

3 row: aligned PLAG are “cemented”
(orange), An62-56; note non-patchy edges and

TIME OF LAYER FORMATION,
ALIGNMENT, TILING

2nd row: cores with patchy red mantles
An67-63; grains impinging but still separated

START HERE: Bottom row: pink zoned cores
An83-67, with patchy edges; broken, embayed
cores surrounded by Liquid (black pixels)

cement filling embayments

Progressive crystallization in PRL >

m Formation of Modal Layering: progressive crystallization of Plagioclase-rich Layers

wing Ca (wt.%)
Is, color legend on r

Figure 3-6: Augite associated with the PLAG cement composition and later minerals follow the Ca-enrichment
trend. Formation of the PRL seems to mark a shift in crystal-Liquid equilibria.

(BSE images)

Interstitial AUG in PRL (above left)
AUG with OPX in Matrix (above right)

Pyroxenes with PLAG cement, An62-56:

AUG and OPX are yellow and orange
symbols on pyroxene quadrilateral

Crystallization during and after Formation of
Modal Layering

(right). to Fs > ’

PRL cementation marks shift in AUG composition trend:

Matrix pyroxenes and interstitial AUG in PRL that co-crystallized
with PLAG cement composition, An62-56, follow only Ca-trend
on the pyroxene quadrilateral diagram.

Fe-rich rims on pyroxenes extend Ca-trend to even more high-
Ca, low-Temperature compositions (not shown).

The Ca-enrichment trend in AUG is not typical of basalt
fractional crystallization trends.

Ca-trend cannot be explained by crystallization of AUG alone,
moving the liquid-crystal equilibria off the solvus. OPX and AUG
occur together in the matrix (BSE image), interpreted as co-
crystallization.

Does the formation of the PRL change the distribution
and subsequent crystallization of the Liquid?

See sections 4 and 5: modeling Temperatures, Liquid
compositions, and viscosity =

https://agu2020fallmeeting-agu.ipostersessions.com/Default.aspx?s=D3-A3-FE-3C-21-E7-01-50-43-16-58-21-02-9F-4B-A8&pdfprint=true&guestvie...
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4. P-T ESTIMATES, ALPHA-MELTS MODELING, AND
CRYSTALLINITY

Summary: Results of thermobarometry calculations (Putirka, 2008; Neave and Putirka, 2017) are consistent
with crystallization at two crustal levels, as suggested for related rift magmatism (e.g., Heinonen et al., 2019).

OPX phenocrysts formed in middle-deep crust at ca. 500 MPa. All remaining minerals crystallized in upper crust
at 200-10 MPa. Application of MELTS modeling (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998; Gualda

et al., 2012) finds average Jacksonwald basalt with 0.5 wt.% H2O fits diabase PLAG and AUG compositions

and Temperatures (but not OPX), and evidence for an interval of crystal and liquid loss from the SPS, probably
resulting from magma transport.

Fig. 4-1: Pressure-Temperature calculation results for OPX-Liquid, AUG-Liquid, and OPX-AUG.

OPX-LIQUID RESULTS

Putirka (2008) RiIMG

Kd Eqn. 28a Eqn. 28b Eqn 29a Eqn 29¢
Sample  Pxnumber  Liquid  0.29%0.06  T('C) TC) P(GPa)  P(GPa)
Basalt PI5AUG |
S | |lees 027 1237 1208 04 07
OPX1core | BoQ-10 031 1232 1221 05 05
Diabase chill OPX 2 core BoQ-10 0.29 1247 1228 0.4 0.5
BoQ-10 | OPX3core | BoQ-10 0.29 1240 1221 04 06
OPX4core | BoQ-10 0.28 1252 1228 04 07
) Mislavch | 035 1204 1210 05 04
Diabase :
best OPX core |_Bia-123 034 1202 1206 04 04
£Q-97€6¢
169-RML | 029 1222 1200 04 04
> MIS-lavch 033 1212 1213 0.5 0.4
Diabase ;
£Q-169 OPX 1 core BiQ-123 0.32 1208 1206 0.4 0.4
169-RML 0.28 1228 1200 0.4 0.5
AU RESULTS Neave and Putirka (2017) |
Kkd Eqn.33  N&P2017 |-
Sample  Pxnumber Liquid  0.27+0.03 T(c) P(GPa)
6 Bi0-123 025 1178 018
Basalt P-132 8iQ-123 026 173 012
BiQ-123 P-15 8iQ-123 028 1169 002
P133 | Bia-123 026 1167 005
7 | Augite1 | BoQ-10 030 1188 021
D";:;_‘lz""' Augite 2 BoQ:-10 0.30 172 0.05
Aug-louter | BoQ-10 030 1183 018
Diabase
cooree | Avecore | 169RML | 030 177 004
CPX-OPX RESULTS FArs
Kd  (2008) RiMG
OPXnumber _ CPX number _1.09+0.14_Eqn 36, T(°C) Associated PLAG, crystallization stage
inner rim | _inner rim 095 1073 |PLAG mantles An67; phenocrysts inner rim step
inner rim | core, sub-oph.| 0,94 1067 |AUG-PLAG sub-ophitic intergrowth
Pheno. rim Matrix 4 0.95 1063 PLAG mantles An63; end Fe-trend for AUG
Matrix 1-3 | _PRL cores 0.81 1052
Matrix 1-3 Matrix 1-3 081 1049 LAG cement An62; start Ca-trend for AUG
Matrix 1 Matrix 1 0.81 1014
Matrix 1 PRL rims 0.77 Tom | OCemEntAnSe

Fig. 4-1 | Estimates of Temperature-Pressure Conditions

OPX and AUG compositions from textural analysis (Section 3) were used for T-P
estimates (Putirka, 2008; Neave and Putirka, 2017). Phenocryst host rocks were used
as Liquid compositions for basalt and chill-margin diabase. Liquid composition 169-
RML is diabase from St Peters sill minus phenocryst cores; MJS-lavch is composite
basalt and diabase chill margin.

Phenocryst OPX-Liquid (top chart):
T = 1250-1200°C; mid-crust P = ca. 0.5 GPa (500 MPa)

Phenocryst AUG-Liquid (middle chart):
T =1188-1167°C; upper-crust P = 0.2 and < 0.05 GPa (200 and 50 MPa)

AUG-OPX (bottom chart):

Phenocryst inner-rim steps, sub-ophitic intergrowth, and Mg-rich matrix

Hl cores: T=1073-1063°C

Temperature range for PLAG mantles, An67-63, and AUG Fe-trend

Matrix and interstitial AUG in PRL: T = ca. 1050 to 1010°C
Temperature range for PLAG cement, An62-56, onset of AUG Ca-trend
(Kd below magmatic range (gray cells), a result of Ca-trend in AUG?)

OPX (mid-crust) = ascent and resorption = AUG (upper crust)
PX composition-Temperature gap, 1170-1070°C; PLAG cores form
AUG (Fe-trend)-PLAG mantles & AUG (Ca-trend)-PLAG cement

Figure 4-2: A total of 35 alpha-MELTS models (Ghiorso and Sack, 1995; Asimow and Ghiorso, 1998; Gualda et

al., 2012) were run: average Jacksonwald basalt Liquid AB3 with 0.5 wt.% H2O fits the diabase PLAG and

AUG compositions and Temperatures (but not OPX).
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mapha-MELTS Models Summary

MELTS models vs. measured mineral compositions and calculated Temperatures

Details of Models: 35 runs total

e 2
& 8

* 14 starting Liquid compositions:

© Diabase OPX, Mg# (mol%) -OPX MELTS 5 Kb, 2% H20 A 0,
e S 1) MELTS models AB3 at 500 MPa, 0.5-2 wt.% H20

fractionate OPX (small gold, brown circles) similar
0 Diabase PLAG, An (mol%) ==PLAG, MELTS 1.7kb, 0.5% H20

8

average Jacksonwald basalt AB3;
basalt+chill diabase; diabase EQ169;
various evolved Liquids to model
crystallization at depth

* 3 Pressures: 1000, 500, 170 MPa to
model deep, middle, and upper crust s

2 0N ¥ B ® 08
3 3 8

OPX, AUG MgH; PLAG An (mol %)

* 4 water contents in starting Liquid:

to Mg-rich OPX phenocrysts (large gold circles).

2) The blue line for the model AB3-05 is a good
fit for diabase AUG (blue triangles) along the

|| Fe-trend. Model and diabase AUG diverge along
Ca-trend, associated with PRL formation and
PLAG cement. (error bars + 50°C, 2 mol%)

3) The black line for model AB3-05 is a good fit to

5

1

2.0,1.0,0.5,and 0.1 wt.% H20 990

w0 1000 1050 100 10 100 1s0 10| | diabase PLAG mantle to cement (white squares).

Temperature (degrees Celsius)

* All runs QFM at Liquidus, then %

4) MELTS fractionation models predict Pigeonite,

oxygen fugacity is not specified

* Perfect fractional and equilibrium
crystallization, 10° Temperature steps

Best fit to diabase AUG and PLAG
compositions is Model AB3-05,
with 0.5 wt.% H20. Water

Augite {Mg/[Mg+(Fe2)]} (mol%)

content is consistent with melt

AAB3, 2% H20, Frac

not OPX; Fe-rich OPX only at low-T, 2% H20.

equilibriu

~|.| Other models do not fit diabase PLAG and AUG
(plus signs) as well as AB3-05 (yellow triangles).
Diabase AUG-PLAG trend has shallower slope than
AB3-05 fractional crystallization. Equilibrium
crystallization models (white, blue circles) have
trends similar to diabase, suggesting a change in

inclusions (Capriolo et al., 2020) %

crystal-Liquid interaction with PRL formation.

Plagioclase An [Ca/(Ca+Na+K)] (mol%)

Figure 4-3: MELTS model AB3 predicts 30-35 vol.% pyroxenes crystallized in the interval between pyroxene
cores and matrix (Temp. = 1170-1070°C). However, diabase contains only 5-8 vol.% pyroxenes with these
compositions. Magma transport and eruption during this interval would explain "missing" pyroxenes and be

consistent with textural evidence from

PLAG cores which were forming at that time.

m “Missing” Pyroxenes — Evidence

for Magma Transport and Eruption?

Basalt AUG phenocryst rims include tiny,
zoned PLAG with core compositions, An83-67,
indicating capture shortly prior to eruption.

The Temperature interval for PLAG cores,
ca. 1170-1070°C (below), corresponds with a
lack of AUG and OPX compositions.

We propose mobilization of early crystal
mush and eruption of Jacksonwald basalt as
the cause of the “missing” pyroxenes.

100 © Diabase OPX, Mg# (mol%) --OPX MELTS 5 kb, 2% H20 |
-0-OPX, MELTS Skb, 1% H20 ~0-OPX MELTS 5kb, 0.5% H20
95 A Diabase AUG, Mg# (mol%) ==AUG, MELTS 1.7 kb, 0.5% H20
¥ O Diabase PLAG, An (mol%) —=PLAG, MELTS 1.7kb, 0.5% H20
g 90 |
£ 008 loger2o
oo oo
s |
o
<80 |
z
£75 |
s
o |
3
E:
65 |
x
o 60 P
Same T-composition
55 | chart as Figure
50
900 950 1000 1050 1100 1150 1200 1250 1300
Temperature (degrees Celsius)

Estimating crystallinity to test for “missing” pyroxenes: (below) 2 thin sections of SPS
diabase, BSE images thresholded to show “missing” pyroxene compositions (phenocryst
core —inner rim, OPX Mg# 85-73, AUG Mg# 85-75.5); all other minerals are turned black.
Left: Diabase without PRL; Phase Composition Maps (PCM, Willis et al., 2017) for OPX
(yellow) and AUG (cyan).

Right: Diabase with PRL; BSE image with OPX and AUG not separated (all magenta).

MELTS model AB3-05: ca. 33 vol%
pyroxenes by end of “missing”
pyroxene interval (4.4% OPX, 11.1%
PIG, 17.4% AUG).

SPS diabase: 5.2-7.8 vol.% pyroxene
comprising phenocryst cores plus
narrow diffusion zones to inner rims.

Pyroxene is missing, caused by:

1) magma transport from SPS into
other parts of plumbing system and
eruption, changing volume but not
Liquid composition

2) magma transport into the SPS
leaving crystals behind in a deeper,
upper- crust reservoir

5.2 vol.% OPX+AUG 7.8 vol.% OPX+AUG

Figure 4-4: Estimates of volume % crystals in diabase and PRL from sample images and MELTS models.
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Crystallinity must be estimated before using a viscosity model for crystal suspensions
Stages of crystallization identified from composition-texture analysis, P-T estimates, MELTS models.
Jacksonwald basalt AB3 used as initial Liquid composition and as starting Liquid in all MELTS models shown here.
Vol.% crystals estimated from MELTS uses model output: Liquid composition, fractionated mineral mass and density.

Vol.% crystals estimated from diabase samples and PRL based on thresholding BSE images in ImageJ for mineral

compositions corresponding with stages in crystallization history.

¢ Best estimates come from the diabase Phase Composition Maps, which are BSE images calibrated by EDS analyses and processed to
generate separate images for PLAG, OPX, and AUG (Willis et al., 2017). Diabase PCM does not include a PLAG-rich layer (PRL).

*  Vol.% crystals in diabase with PRL and the entire PLAG-rich layer (across the thin section) estimated by thresholding BSE image of all
minerals using PCM images and thresholds as a guide.

*  Vol.% crystals in the 4 areas of the PRL (see Figure 3-5) estimated by thresholding Ca x-ray maps for PLAG composition.

Crystalllinity (volume % crystals) for MELTS models, Diabase samples, PRLs

MELTS AB3 MELTS AB3 Diabase PCM Diabase BSE PRL entire PRL 4 areas
Stage in crystallization 1.0 wt.% H20 0.5 wt.% H20 no PRL with PRL PLAG+PXS PLAG only
history PXS PLAG Total| PXS PLAG Total| PXS PLAG Total| PXS PLAG Total| PXS PLAG Total| PXS PLAG Total
Liquidus, 500 MPa 0 0 (00| O 0 | 00
after OPX crystals, 500MPa | 40 | 0 | 40 [ 43| 0 |43 |49 | 0 | 49|49 | o | 49 no PRL no PRL
ascent, resorption, 170 MPa 4.0 0 40 | 4.0 0 4.0 | 2.5 0 258125 0 25 at these at these
erupted basalt, AUG Mg83.5 | 22.6 | 4.0 | 26.6 | 22.2 | 8.8 | 31.0 stages stages
after PLAG cores, An83-67 MELTS model |32 118:61| 515 | 52 | 184 | 236 | 7.8 | 19.6 | 27.3
after PLAG les, An67-63 not good fit 37.0 | 26.7 | 63.7 | 12.7 | 29.6 | 42.4 | 20.4 | 31.3 | 51.8 | 11.6 | 46.8 | 58.4 | 0.0 | 63.9 | 63.9
after PLAG cement, An63-56 39.2 | 31.1|70.3|36.9|39.7 | 76.6 | 39.0 | 44.3 | 83.3 | 20.2 | 67.6 | 87.8 | 0.0 | 86.9 | 86.9
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5. VISCOSITY MODELING AND EVOLVING MUSH

RHEOLOGY

Summary: Viscosity models were calculated for Liquid (Giordano et al., 2008) and crystal suspensions (Moitra
and Gonnermann, 2014) for stages of mush crystallization. Shear thinning behavior was likely during formation

of modal layers with aligned PLAG and would have reduced viscosity, but this cannot be modeled with these

equations. Vol.% crystals exceeds maximum values for random packing after PLAG mantle crystallization stage;

viscosity cannot be calculated for cementation and later stages.

However, insight into mush rheology after PRL formation and cementation comes from macro-structures in the

diabase quarry. Increased viscosity and rigidity of crystal mush changed intrusive style of younger magma inputs

from lateral sheet flow to channelized vertical flow.

Figure 5-1: Calculated viscosity and consistency results for Liquid and crystal suspensions, respectively.

Stage in H,0in "°'“";E%a“:’ Liquid |suspension| JIERT Most relevant Viscosity model results:
crystallization |Source of Vol.%| Temp. Liquid ty:’;:x:":yit.a ®| Volume Viscosity | consistency MELTS models: only basalt AB3 Liquid results shown here
history crystal data (°c) (wt.%) . p,') % Liquid | (Pa-sec) | (K, Pa-sec) R \ a
Liquidus before | AB3,500 MPa | 1290 0.5 0 100 6.601 6.601 All water content and Liquid compositions derived from
crystallization | AB3,500 MPa | 1274 1.0 0 100 5.361 5.361 MELTS models.
Diabase 1260 0.53 4.9 Px 95.1 10.04 12.03 S . ; :
after OPX Rt e o3 A0 = o2 5o Liquid viscosity (non-Newtownian) calculated using
crv::lzlat:‘ion AB3, 500 MPa | 1260 0.53 2.3Px 95.7 10.04 11.75 equations of Giordano et al. (2008). Viscosity is strongly
P AB3,500 MPa | 1244 1.04 4.0 Px 96.0 8.012 9.272 influenced by water content.
Diabase 1227 0.5 2.5 Px 97.5 15.46 16.92 e - e ’ E
after ascent, S HTE) o 5T e ot 5 Cor y of crystal suspensions (similar to viscosity)
OPX partial AB3 ToNpalliz] 05 2% 5610 1546 7189 calculated using equations of Moitra and Gonnermann
resorption I 83, 170MPa | 1217 10 AF% 9%6.0 | 11.26 13.03 (2014) for randomly-packed unimodal distributions of
basalt, based on | AB3,170 MPa | 1147 0.76 | 22.2Px+8.8P | 69 67.01 268.2 large spheres (S-type = pyroxene) and small fibers (e-type
AUG Mg# 83.5 | AB3, 170 MPa 1117 1.44 22.6Px + 4P| 73.4 62.62 193.1 = plagioclase)l and bimodal distributions (Se-type).
after crystalln. of | Diabase w/PRL | 1073 1.48 7.8Px + 19.6PI 72.0 470.9 1519
PLAG cores, PX | Diabase no PRL| 1073 148 | 5.2Px+184Pl | 755 470.9 1236 9.0 @ 5 from M&G, 2014:
cores, inner rims | AB3, 170 MPa | 1087 119 [32.9Px+21.2PI| 457 | 2746 12537 o® 0% [eF kg 6b
no PRLat this | PRL entire 1073 | 148 |4.0Px+264Pl | 69.6 | 470.9 1815 00%9o Right: Fig. 19
stage PRL 4-area med.| 1073 1.48 34.4 Plag 657 | 470.9 | 332253 NN
after Diabase w/PRL | 1065 220 [20.4Px+31.3PI] 47.7 1131 33724 (\7\/ 7\\ /\\I( Se-type
crystallization of | Diabase no PRL| 1065 220 |12.7Px+29.6Pl| 57.0 1131 10742 Al
PLAG { AB3, 170 MPa 1047 1.63 37Px + 26.7P| 34.8 1131 4.89E+06
Alzﬁ:fzn 4 Pkrzf:r::': - ig:: :;g 11‘2:’:;;'8” :;i ﬁ;i 151?65“ Suspension crystallinity exceeds maximum for random
after Diabasew/PRL| 1014 | 350 | 39Px+443Pl | 165 | 4141 |exceedsphi| PAcking (phi) after PLAG mantles form; coincides with
crystallization of | Diabase no PRL| 1014 | 3.50 |36.9Px+39.7PI| 23.1 | 4141 |exceedsphi| PRL formation, PLAG alignment and cementation.
PLAG cement, | AB3,170 MPa | 997 212 [39.2Px+31.1PI| 27.7 4141 |exceedsphi | ca)cylated consistency values for random packing may
An63-56; PRL entire 1014 3.50 |20.2Px+67.6Pl| 12.2 4141 | exceeds phi diff ienifi tly f PRL with ali d PLAG
AUG Ca-trend |PRL4-areamed.| 1014 | 3.50 86.9 Plag B || v o ) e BE I AUCIH AL IMO SIS g

Figure 5-2: Chart showing how calculated viscosity (or consistency) increases as Temperature decreases in
basaltic Liquid (no crystals) and magma with crystals up to PLAG mantle crystallization stage.
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m Viscosity changes with Temperature during crystallization: Diabase (squares) has lower viscosity than
results and questions for PRL formation comparable MELTS AB3-05 model (circles) due to

lower crystallinity (“missing” pyroxenes).

Low water content of AB3-05 best fits PLAG and

AUG data and melt inclusions (Capriolo et al.,

2020), but results in higher viscosity compared

@ with other Liquids with higher H20 content.

Separation into PRL (filled plus sign) and PXL
(like diabase, squares) leads to order-of-
magnitude differences in viscosity on decimeter
scale within crystal mush.

1.E+08

1.E+07

1.E+06

1.E+05

1.E+04

Particle separation and alignment of high-aspect
ratio particles are associated with shear thinning
° behavior in experiments (e.g., Cimarelli et al.,

° 2011), reducing viscosity as shear rate increases.

mgE =

1.E+03

/

Calculated consistency values may significantly
< 5 over-estimate effective viscosities of aligned
modal layers under shear flow.

1.E+02

Viscosity or Consistency (Pa-sec)

1.E+01
@ MELTS AB3 after PLAG mantles|| A after AUG Mg# 83.5
1.E+00 @ PRL after PLAG mantles © after ascent, 170 MPa
700 800 900 1000 1100 1200 1300 1400 @ Diabase after PLAG mantles @ after OPX, 500 MPa
Temperature (degrees Celsius) © MELTS AB3 after PLAG cores O AB3, Liquidus, 500 MPa
@ Diabase after PLAG cores e Other models, higher H20

Figure 5-3: Macro-structures in the diabase quarry provide evidence for the general rheology of the mush after
PRL formation. Initial stages: lateral sheet flow of later basaltic inputs into non-rigid but coherent layered mush.

E Diabase crystal mush rheology evolved after PRL formation:
later sheet-flow intrusions into layered but non-rigid mush

Mafic inputs into diabase crystal mush with “scalloped” lower
margins that deform underlying PRL resemble load cast
structures in soft-sediment deformation and basaltic magma
intrusion into granitic crystal mush (Wiebe, 1993, below).

Quarry wall, St Peters sill; diabase modal layering dips NNW (right)
due to post-magmatic faulting along rift basin border fault.
Mafic layer (yellow box) is parallel to but later than PRL

: P Structures indicate sheet flow intrusion after PRL formation
S : g s N e but while layers were not fully rigid.

Close-up of mafic layer rotated
20° to correct for later tilt

granitic crystal mush

Figure 5-4: Later basaltic sheet cross-cuts more rigid layers and produces drag folds of the PRL in underlying
crystal mush.

https://agu2020fallmeeting-agu.ipostersessions.com/Default.aspx?s=D3-A3-FE-3C-21-E7-01-50-43-16-58-21-02-9F-4B-A8&pdfprint=true&guestvie...  15/19
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m | Quarry wall, modal layering is dipping towards you

Diabase crystal mush rheology evolved after
PRL formation: later sheet-flow intrusions
into mush becoming more rigid

Mafic layer with upper PRL cross-cuts
modal layering (best seen on top left).

Underlying modal layers are deformed into
drag folds (yellow lines), indicating some
component of east-to-west flow. North-
south flow, into-out of plane of image,
cannot be evaluated.

East-to-west flow and north-south flow
components are also observed in tiling of
plagioclase grains in the PRL.

Figure 5-5: Channelized, vertical flow of late-stage basaltic inputs into diabase crystal mush with heterogeneous
viscosity and rigidity. Is channelization a sign of decreasing magma flux? Did the mush rheology change the
flow regime and prevent later basaltic inputs from rejuvenating the mush and leading to eruption?

Fig. 5-5 Diabase crystal mush rheology evolved after PRL: Mafic channels are later structures, as mush became more rigid,
later flow was channelized into pipe-like structures perhaps with waning flux of magma into the St Peters sill.

Mush rheol iable at cm-d le (below): t i
Quarry wall, diabase modal layering dips NNW (left) HSH TS0 og.y e ?a GRS e‘( t?ow) s
2 : ) e ) from graben-like to slump-like structures (highlighted by false
Cl of mafic cross-cut layering " )
_ | color imaging, bottom).
In cross-section,
viewed from above,
mafic channels are
pipe-like, not dike-like
PRL dragged up along

channel margins
outline the channel

Graben-like structures
More rigid mush

Close-up of mafic channel rotated 20° to
correct for tilt.

| Upward flow (red arrow) deformed mush
into drag folds and dragged PRL up along
sides of channel (yellow lines).
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6. CONCLUSIONS

Summary: We propose a magma system chronology for crystallization in a sill-dike-basalt network in middle

AGU - iPosterSessions.com

and upper crust (Figure 6-1). Three major findings are summarized below Figure 6-1.

]

100

6-8: After PLAG mantles form:
crystallinity too high to calculate viscosity
(consistency for random packing model)

6. PRL formation by lateral flow inducing
PLAG-PX separation and PLAG alignment;

viscosity likely reduced by shear thinning.
Mush emplacement or rejuvenation?

7: PLAG cement crystallization, reducing
porosity, permeability in PRL

8. After PRL formation —
mush is >75% crystalline, not
fully rigid; effective viscosity is
heterogeneous, affecting later |
mafic inputs; transition I
from lateral flow to
vertical channelized flow

HEADN  Magma System development in chronological order (1 to 8); evolving crystallinity and viscosity
Viscosity and Liquid remaining
1.E+07
£
SN
1.E+06 ?’-v‘\
i) 2\
@ 3
& L.E+05 =
o)
5 1.E+08 4: PLAG cores: xlIn., resorption
o crystal loss reduces visc. (pink arrow)
S 1.£+03
N 3->- Upper crust sill-dike network SN
_é‘ established, basalt eruption; k
§ 1.E+02 subsequent multiple events of e
.g magma transport, recharge, & E§7532{~~ 12
. i o
1.E+01 resorption, crystallization &
1,2: Magma ascends to upper crust, OPX crystallization, resorption |
1.E+00 I [ [ I I [ [
20 30 40 50 60 70 80 90
Plus signs: PRL Liquid remaining (Volume %)
Squares, diamonds: diabase
| circles, triangles: MELTS AB3

1) Recharge displaced mush and led to eruption of basalt with crystal cargo relatively early in system history,

when crystallinity was 25-35% and viscosity 200-250 Pa-sec. Eruption did not require rejuvenation or

mobilization of highly-crystalline mush.

2) Lateral magma flow during later emplacement or rejuvenation of mush in the St Peters sill led to self-
organization of flow lobes with modal layering which likely reduced effective viscosity by shear thinning.

3) As the heterogeneous rheology of layered, high-viscosity mush evolved, the behavior of younger magma
inputs into the St Peters sill changed from lateral flow to vertical channelized flow; this may have prevented

mush rejuvenation and eruption in the last stages of the system history.
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