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ABSTRACT

Suprasubduction zone (SSZ) ophiolites of the 
northern Appalachians (eastern North America) 
have provided key constraints on the fundamental 
tectonic processes responsible for the evolution of 
the Appalachian orogen. The central and southern 
Appalachians, which extend from southern New 
York to Alabama (USA), also contain numerous ultra-
mafic-mafic bodies that have been interpreted as 
ophiolite fragments; however, this interpretation is 
a matter of debate, with the origin(s) of such occur-
rences also attributed to layered intrusions. These 
disparate proposed origins, alongside the range of 
possible magmatic affinities, have varied potential 
implications for the magmatic and tectonic evolu-
tion of the central and southern Appalachian orogen 
and its relationship with the northern Appalachian 
orogen. We present the results of field observations, 
petrography, bulk-rock geochemistry, and spinel 
mineral chemistry for ultramafic portions of the 
Baltimore Mafic Complex, which refers to a series 
of ultramafic-mafic bodies that are discontinuously 
exposed in Maryland and southern Pennsylvania 
(USA). Our data indicate that the Baltimore Mafic 
Complex comprises SSZ ophiolite fragments. The 
Soldiers Delight Ultramafite displays geochemi-
cal characteristics—including highly depleted 
bulk-rock trace element patterns and high Cr# of 
spinel—characteristic of subduction-related mantle 

peridotites and serpentinites. The Hollofield Ultra-
mafite likely represents the “layered ultramafics” 
that form the Moho. Interpretation of the Baltimore 
Mafic Complex as an Iapetus Ocean–derived SSZ 
ophiolite in the central Appalachian orogen raises 
the possibility that a broadly coeval suite of ophi-
olites is preserved along thousands of kilometers 
of orogenic strike.

■■ INTRODUCTION

The Appalachian orogen in eastern North 
America—a product of the protracted closure of 
the Iapetus and Rheic Oceans during the Paleozoic 
Era—contains numerous discrete ultramafic-mafic 
bodies along its 3000 km length (Misra and Keller, 
1978). Such bodies are generally a minor compo-
nent of orogenic belts such as the Appalachians, 
but determining their origin(s) can place important 
constraints on broader magmatic and tectonic his-
tories (e.g., Lissenberg et al., 2005). End-member 
interpretations of these bodies are that they repre-
sent ophiolite fragments (Crowley, 1976) or layered 
intrusions (Sinha et al., 1997; Kerrigan et al., 2017). 
These two first-order interpretations require very 
different tectono-magmatic origins: obduction or 
emplacement of oceanic lithosphere onto or into 
continental lithosphere; or the intrusion of mafic 
magma in a continental setting.

Beyond these basic interpretations, the mag-
matic affinity of the ultramafic-mafic bodies also 

has significant implications for the geodynamic 
processes that formed the Appalachian orogen. 
For example, in the northernmost Appalachians 
(Newfoundland and Québec, Canada), the ultra-
mafic-mafic bodies are widely interpreted as 
near-​complete to significantly tectonized supra-
subduction zone ophiolites that have been 
tectonically juxtaposed with the surrounding rocks 
(Church and Stevens, 1971; Williams, 1977; Huot 
et al., 2002; Kim et al., 2003; Coish and Gardner, 
2004; Kurth-Velz et al., 2004; Lissenberg et al., 2005; 
Monteiro et al., 2008; Escayola et al., 2011). This 
interpretation constrains the ultramafic-mafic bod-
ies as representing forearc (or back-arc) oceanic 
lithosphere that formed due to seafloor spreading 
in a subduction zone setting (e.g., Whattam and 
Stern, 2011; Stern et al., 2012).

In the central and southern Appalachians, the 
petrogenesis and origin(s) of the comparatively 
small, yet numerous, ultramafic-mafic bodies are 
poorly understood (Crowley, 1976; Misra and Keller, 
1978; Hanan and Sinha, 1989; Sinha et al., 1997; 
Peterson and Ryan, 2009). Several occurrences 
are interpreted as the dismembered fragments of 
ophiolites, including: amphibolites and associated 
units of the Dadeville Complex, Alabama (Stow et 
al., 1984); the Hamlett Grove meta-igneous suite, 
South Carolina (Mittwede, 1989); the Buck Creek 
ultramafic body and associated ultramafic-​mafic 
bodies within the Ashe and Alligator Back Meta-
morphic Suites, North Carolina (McElhaney and 
McSween, 1983; Misra and Conte, 1991; Tenthorey 

GEOSPHERE

GEOSPHERE, v. 17, no. X

https://doi.org/10.1130/GES02289.1

11 figures; 3 tables; 1 supplemental file

CORRESPONDENCE:  GuiceG@si.edu

CITATION:  Guice, G.L., Ackerson, M.R., Holder, R.M., 
George, F.R., Browning-Hanson, J.F., Burgess, J.L., 
Foustoukos, D.I., Becker, N.A., Nelson, W.R., and Vi-
ete, D.R., 2021, Suprasubduction zone ophiolite frag-
ments in the central Appalachian orogen: Evidence 
for mantle and Moho in the Baltimore Mafic Complex 
(Maryland, USA): Geosphere, v. 17, no. X, p. 1–​21, 
https://doi.org/10.1130/GES02289.1.

Science Editor:  Andrea Hampel
Associate Editor:  Alan Whittington

Received 22 May 2020
Revision received 4 September 2020
Accepted 22 December 2020

© 2021  The Authors

This paper is published under the terms of the 
CC‑BY-NC license. George Guice https://orcid.org/0000-0003-0599-0907

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02289.1/5227427/ges02289.pdf
by Carnegie Institution for Science user
on 08 February 2021

http://geosphere.gsapubs.org
https://orcid.org/0000-0003-0599-0907
http://geosphere.gsapubs.org
https://doi.org/10.1130/GES02289.1
mailto:GuiceG@si.edu
https://doi.org/10.1130/GES02289.1
https://www.geosociety.org/pubs/openAccess.htm
https://www.geosociety.org/pubs/openAccess.htm
http://www.geosociety.org
https://orcid.org/0000-0003-0599-0907


2Guice et al.  |  Suprasubduction zone ophiolite fragments in the central Appalachian orogenGEOSPHERE  |  Volume 17  |  Number X

Research Paper

et al., 1996; Raymond et al., 2003, 2016; Peterson 
and Ryan, 2009); the Piney Branch Complex, Vir-
ginia (Drake and Morgan, 1981); and the Baltimore 
Mafic Complex (BMC), Maryland–southern Penn-
sylvania (Crowley, 1976). However, none of the 
proposed ophiolites in the central and southern 
Appalachians have been definitively shown to 
contain residual mantle rocks (Shank and Mar-
quez, 2014).

Mantle rocks, which comprise the lowermost 
portions of oceanic lithosphere (e.g., Dilek and 
Furnes, 2011, 2014, and references therein), exhibit 
characteristically depleted trace element abun-
dances and are therefore the most chemically 
unique portion of ophiolites (e.g., Paulick et al., 
2006; Godard et al., 2008). This geochemical sig-
nature results from the preferential concentration 
of incompatible trace elements in the melt during 
partial melting, resulting in their extraction from, 
and subsequent depletion in, the upper mantle (e.g., 
Godard et al., 2008; Stern et al., 2012). Unequivocal 
demonstration of the presence of residual mantle 
rocks in any of these central or southern Appala-
chian ultramafic-mafic complexes would provide 
robust evidence in favor of an ophiolite hypothe-
sis. This, coupled with a greater understanding of 
the magmatic affinity of these bodies, would be 
a valuable constraint for magmatic and tectonic 
reconstructions of the Appalachian orogen.

The BMC is the largest ultramafic-mafic body 
preserved in the central or southern Appalachians 
(Southwick, 1969; Crowley, 1976; Hanan and Sinha, 
1989; Sinha et al., 1997). Its occurrence has been 
interpreted as representing: fragments of an ophio-
lite (Crowley, 1976); or a stratiform intrusion (Shank 
and Marquez, 2014) derived from magmatism asso-
ciated with either a continental volcanic arc (Sinha 
et al., 1997) or back-arc basin (Hanan and Sinha, 
1989). In this study, we present the results of field 
observations, petrography, bulk-rock geochemistry, 
and spinel group mineral chemistry for ultramafic 
samples from the BMC (Fig. 1). Using the presented 
data, we evaluate the validity of the previously 
proposed models for the origin of the BMC (i.e., 
ophiolite or intrusion), with a focus on establish-
ing whether any of the studied rocks resemble the 
chemically distinctive residual mantle rocks that 

have been confidently recognized in ultramaf-
ic-mafic complexes of the northern Appalachian 
orogen. We also consider the magmatic affinity of 
the BMC and discuss potential implications for the 
evolution of the Appalachian orogen.

■■ GEOLOGICAL FRAMEWORK

The Appalachian Orogen

The Appalachian orogen is a northeast-south-
west–trending belt of Mesoproterozoic to Paleozoic 
rocks that are exposed over a distance of 3000 km in 
North America, from Alabama in the south to New-
foundland in the north (Rodgers, 1968; Aleinikoff et 
al., 2002; Hibbard et al., 2007b; Hatcher, 2010; Hor-
ton et al., 2010; Sinha et al., 2012). It is commonly 
separated into northern, central, and southern seg-
ments (see Fig. 1) that reflect distinctions in terms 
of protolith age, lithology, metamorphism, and 
deformation (Rodgers, 1970; Hibbard et al., 2007b; 
Hatcher, 2010; Sinha et al., 2012; Bosbyshell et al., 
2016). Along its entire strike, the Appalachian oro-
gen is subdivided into three tectonic realms with 
distinctive provenance, namely (from west to east; 
Rodgers, 1970; Rankin, 1975; Adams et al., 1994; 
Hibbard et al., 1998, 2007b, 2007a; Hatcher, 1987; 
Murphy et al., 2010):

•	 The Laurentian realm, comprising rocks depos-
ited either on or immediately adjacent to the 
Laurentian paleocontinent;

•	 The Iapetan realm (often referred to as the 
“Piedmont domain”; Hibbard et al., 2007b), 
which records the evolution of the Iapetus 
Ocean, including the development of volca-
nic arcs, back-arc basins, and accretionary 
complexes; and

•	 The Peri-Gondwanan realm, comprising 
rocks that formed proximal to the Gondwa-
nan paleocontinent prior to its accretion to 
eastern Laurentia.

The Laurentian realm is remarkably uniform 
along strike, with rift-drift lithologies and overly-
ing sedimentary rocks showing limited first-order 
variation from Alabama to Newfoundland (Rod-
gers, 1968; Thomas, 1977; Lavoie et al., 2003). In 

contrast, the Iapetan and Peri-Gondwanan realms 
show considerable variability and have been fur-
ther subdivided into a series of terranes that record 
unique ages, lithologies, metamorphic grades, and 
structural styles (e.g., Williams and Hatcher, 1982; 
Horton et al., 1989; Faill, 1997; Hatcher, 2004, 2010; 
Sinha et al., 2012). In the central and southern 
Appalachians, the Iapetan realm comprises volca-
no-sedimentary rocks of arc and oceanic affinities, 
while the Peri-Gondwanan realm records Gondwa-
nan arc magmatism and sedimentation (Hibbard et 
al., 1998, 2007b). In places, these Neoproterozoic–
Paleozoic rocks are overlain by Carboniferous clastic 
sedimentary rocks, Mesozoic volcano-sedimentary 
units, and the dominantly Cenozoic sediments of 
the Atlantic coastal plain (Fig. 1A).

The Baltimore Mafic Complex (BMC)

The BMC of the central Appalachians (located 
within the Iapetan realm; Fig. 1A) is a series of 
ultramafic-mafic bodies that are discontinuously 
exposed in Maryland and southern Pennsylva-
nia. These rocks have been extensively studied 
over the past 120 years (Leonard, 1901; Bascom, 
1902; Hopson, 1964; Higgins et al., 1977; Hanan 
and Sinha, 1989; Gates, 1992; Sinha et al., 1997; 
Gates et al., 1999; Burgess et al., 2009; Shank and 
Marquez, 2014), though southern (Baltimore region, 
Maryland) portions of the BMC have received scant 
attention in the past 25 years. The largest of the 
ultramafic-mafic bodies in the southern BMC is 
located west of Baltimore and includes the Mount 
Washington Amphibolite and Hollofield Ultramafite 
(Fig. 1B; Drake, 1998). Smaller ultramafic-​mafic 
bodies nearby include the Raspeburg Amphibolite, 
Soldiers Delight Ultramafite, and a small exposure 
of ultramafic rocks at Bare Hills (Fig. 1B). Near the 
Maryland-Pennsylvania border (the northern BMC), 
a large ultramafic-mafic body—known as the State 
Line Complex—is well exposed either side of the 
Susquehanna River (Gates, 1992; Burgess et al., 
2009; Shank and Marquez, 2014). Notably, the 
Soldiers Delight and Bare Hills occurrences were 
mined for chromium—a commodity typically asso-
ciated with ultramafic rocks of varied origins (see 
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Cawthorn et al., 2005)—during the 19th and 20th cen-
turies (Johnsson, 2017).

Contacts between the BMC and surrounding 
rocks—predominantly Mesoproterozoic gneiss and 
Neoproterozoic–​Cambrian volcano-sedimentary 
rocks of the Wissahickon Group (Fig. 1B; Horton 
et al., 1989; Faill, 1997; Gates et al., 1999; Aleinikoff 
et al., 2002)—are poorly exposed but generally tec-
tonic where observed. Ordovician granite locally 
intrudes the State Line Complex (Crowley, 1976; 
Hanan and Sinha, 1989; Burgess et al., 2009; Shank 
and Marquez, 2014). U-Pb zircon geochronology 
conducted on mafic rocks from the southern BMC 
yielded a crystallization age of 489 ± 7 Ma (Sinha 
et al., 1997), which is consistent with multi-mineral 
Sm-Nd geochronology that returned an isochron 
age of 490 ± 20 Ma (Shaw and Wasserburg, 1984). 
The ultramafic components comprise serpentinized 
dunite and peridotite alongside relict websterite 
and dunite kernels, with these lithologies consid-
ered to form the stratigraphic base of the BMC 
(Sinha et al., 1997; Shank and Marquez, 2014). The 
overlying mafic rocks comprise massive and lay-
ered gabbronorite, gabbro, amphibolite, and quartz 
gabbro, alongside minor aplite and diorite (South-
wick, 1969; Crowley, 1976; Hanan and Sinha, 1989; 
Sinha et al., 1997; Burgess et al., 2009). The BMC 
has experienced considerable metamorphism—
dated at 453 ± 11 Ma by Sinha et al. (1997)—and 
hydrothermal alteration, with a series of northeast-​
trending dextral transcurrent shear zones occurring 
within the 5-km-thick section exposed along the 
Susquehanna River (Burgess et al., 2009). Individ-
ual 0.2–1.4-km-wide shear zones are defined by 
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well-foliated L-S tectonites that contain lenticular, 
millimeter- to meter-scale pods of weakly deformed 
serpentinite separated by anastomosing mylonitic 
bands (Burgess et al., 2009).

■■ SAMPLES AND FIELD RELATIONSHIPS

This study focuses on the ultramafic portions 
of the BMC in Baltimore and surrounding counties 
(referred to as the “Baltimore block” by Hanan and 
Sinha [1989]). A total of 19 samples of ultramafic 
rock were collected from the Hollofield Ultramafite 
(n = 12), Soldiers Delight Ultramafite (n = 5), and 
ultramafic body at Bare Hills (n = 2) between August 
and December 2019 (Fig. 1B). Of the 12 samples 
collected from the Hollofield Ultramafite, the major-
ity of samples were taken from Hollofield Quarry 
(n = 8), with additional samples from Ashburton 
Reservoir (n = 3) and Forest Park Golf Course (n = 1; 
Fig. 1B). We note that the Ashburton Reservoir sam-
ples were collected following on-site excavation 
work as part of the ongoing Ashburton Tanks Proj-
ect and were therefore not collected in situ. One 
Soldiers Delight sample (SD19-1) was collected 
from the entrance to the Choate chromite mine 
(Johnsson, 2017), but is not a sample of ore.

Hollofield Quarry—the best exposure of ultra
mafic rocks examined as part of this study—exposes 
crudely layered ultramafic and mafic rocks (Fig. 2A). 
There, serpentinized and amphibolitized ultramafic 
rocks (metapyroxenite with subordinate metaper-
idotite) are dominant, composing ~85% of the 
logged section, with mafic rocks (metagabbro and 
rare anorthosite) composing the remainder of the 
exposure. The contacts between the lithological 
units are generally sharp where observed and are 
commonly marked by notably more weathered 
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material. Metaperidotite units display centimeter-​
scale, discontinuous internal layering, whereas 
metapyroxenite units are massive, subtly layered 
at the centimeter scale or distinctly layered at the 
millimeter to centimeter scale (Fig. 2B). Metagabbro 
units are generally massive to subtly layered on 
the outcrop scale, with garnet restricted to rare, 
~10-cm-thick layers. Distinctive, centimeter-scale 
layering of metapyroxenite and metaperidotite is 
also observed in smaller outcrops at Forest Park Golf 
Course in the eastern part of the Hollofield Ultra-
mafite (e.g., Fig. 2C). In contrast, the serpentinites 
(after peridotite) at Soldiers Delight (Fig. 2D) and 
Bare Hills (Fig. 2E) are generally massive at the 
outcrop scale, although extremely subtle layering 
may be present on the scale of ~10 cm at Bare Hills. 
These field observations are consistent with previ-
ous field descriptions of the BMC (see Hanan and 
Sinha, 1989).

■■ ANALYTICAL METHODS

Bulk-Rock Geochemistry

All samples analyzed for bulk-rock composi-
tions were ground to a fine powder using the rock 
preparation facilities in the Department of Mineral 
Sciences at the Smithsonian Institution’s National 
Museum of Natural History (Washington, D.C., 
USA). Weathered surfaces were removed using 
a diamond-bladed rock saw before samples were 
crushed using an agate jaw crusher and ground 
using an agate ring mill. Sample powders were 
then ignited at 900 °C for 2 h, with loss-on-ignition 
determined gravimetrically.

Major and Minor Elements

Ignited powders were subject to major element 
analysis using a Spectro-XEPOS benchtop X-ray 
fluorescence energy-dispersive spectroscopy (EDS) 
spectrometer in the Earth and Planets Laboratory, 
Carnegie Institution of Washington (D.C.). Labo-
ratory protocols have been developed to analyze 
powdered samples (>0.2 g) from a wide range 

of ultramafic, mafic, and felsic lithologies. Accu-
racy was constrained by analyzing international 
reference materials W1 and DTS-1, with precision 
assessed by repeat analyses of the standards in 
different sample batches.

Trace Elements

For each sample, a sample mass of 0.5 g was 
weighed and mixed with 2.5 g of lithium tetrabo-
rate flux in a platinum crucible. The mixture was 
then fused over a Meker burner and quenched to 
a glass on a platinum mold. Glass fragments were 
mounted in epoxy and analyzed by laser ablation 
inductively coupled plasma mass spectrometry 
(LA-ICP-MS) using a Teledyne-Cetac Analyte G2 193 
nm laser coupled to an Agilent 8900 quadrupole 
ICP-MS at Johns Hopkins University (Department 
of Earth and Planetary Sciences; Baltimore). To 
maximize analysis volume, minimize effects of 
potential sample heterogeneity, and minimize 

“down-hole” elemental fractionation during abla-
tion, data were collected using 600-µm-long line 
scans. Prior to each analysis, the line was “pre-ab-
lated” to remove surface contamination and a 15 s 
baseline was collected. Analyses were conducted 
using a scan rate of 20 µm/s, laser repetition rate 
of 20 Hz, circular-spot diameter of 50 µm, and a 
fluence of 3 J/cm2. Integration times for each iso-
tope were 0.08 s, resulting in a sweep time for all 
isotopes of 2.924 s (~10 measurements of each 
isotope per 30 s analysis). Data were processed 
using the trace element data reduction scheme 
of the commercially available program Iolite (ver-
sion 4) using 43Ca as an internal standard. Standard 
reference glasses NIST 612, NIST 610, BHVO, and 
W1 were measured after every nine unknown 
analyses. See Supplemental Material1 for certified 
values. NIST 612 was used as the primary stan-
dard for data reduction. The other standards were 
used to assess data accuracy; the average value 
for each element in each glass was within 14% of 
its reported value. Each unknown was measured 
three times. The precision of unknown elemental 
concentrations (reported as the 2se [standard error] 
of each analysis; see the Supplemental Material) 

varies by analysis, but generally scales with con-
centration, for example: ±5%–15% at >2 ppm, and 
±10%–50% at 0.1 ppm.

Mineral Chemistry and Element Maps

Quantitative mineral analyses and element 
mapping were conducted using a JEOL 8900 
electron microprobe equipped with five 
wavelength-​dispersive spectroscopy (WDS) detec-
tors and one EDS detector at the Smithsonian 
Institution’s National Museum of Natural History 
(Department of Mineral Sciences). For mineral 
analysis, the accelerating voltage was set to 20 kV, 
the beam current to 10 nA, and spot diameter to 
1 µm. Calibration was conducted using a suite of 
Smithsonian standards, with separate secondary 
standards analyzed regularly to assess the accuracy 
of the analyses. The raw data, which are included 
in the Supplemental Material (footnote 1), were 
recalculated to element oxide percentages, with 
Fe2+ and Fe3+ calculated using the stoichiometric 
method of Droop (1987). For element mapping, the 
beam current was increased to 100 nA to ensure 
meaningful counts for minor elements, and a beam 
diameter of 1–2 µm was used, depending on the 
size of the map. The nominal smallest spot size of 
the beam is ~1 µm. However, sub-micron resolu-
tion was achieved by overlaying 1 µm analytical 
spots. Minor elements (V, Mn, Ti, Co, and Ni) were 
mapped using the WDS detectors, with major ele-
ments (Na, Mg, Al, Si, K, Ca, Cr, and Fe) mapped 
using the EDS detector.

■■ RESULTS

Petrography

The ultramafic rocks from Hollofield Quarry, 
Ashburton Reservoir, and Forest Park Golf Course 
comprise olivine, serpentine, orthopyroxene, 
clinopyroxene, and amphibole in varying propor-
tions, with accessory spinel and ilmenite present 
in almost all samples (Table 1; Figs. 3A–3D). Oliv-
ine generally shows near-complete alteration to 

1 Supplemental Material. Excel file containing bulk-
rock and mineral chemical data, including standard 
data and precision calculations. Please visit https://
doi.org​/10.1130​/GEOS​.S​.13477356 to access the sup-
plemental material, and contact editing@geosociety​
.org with any questions.

Downloaded from http://pubs.geoscienceworld.org/gsa/geosphere/article-pdf/doi/10.1130/GES02289.1/5227427/ges02289.pdf
by Carnegie Institution for Science user
on 08 February 2021

http://geosphere.gsapubs.org
https://doi.org/10.1130/GEOS.S.13477356
https://doi.org/10.1130/GEOS.S.13477356
https://doi.org/10.1130/GEOS.S.13477356
mailto:editing@geosociety.org
mailto:editing@geosociety.org


6Guice et al.  |  Suprasubduction zone ophiolite fragments in the central Appalachian orogenGEOSPHERE  |  Volume 17  |  Number X

Research Paper

serpentine (and associated magnetite), though rel-
ict grains occur as 0.2–0.8-mm-diameter anhedral 
remnants. In rare cases, where serpentinization 
is less pervasive (e.g., sample BMC19-H6; Fig. 1), 
olivine grains may be subhedral and 1.0–1.5 mm 
in diameter. Amphibole occurs as 0.1–8.0-mm-​
diameter anhedral to subhedral grains, with 
smaller (sub-​millimeter-​scale) grains common 
where amphibole appears to pseudomorph clin-
opyroxene, and larger grains more common in 
monomineralic samples (e.g., sample BMC19-A1). 
Sample BMC19-G2 is unique, displaying millime-
ter-scale rounded areas comprising plagioclase, 
extremely fine-grained chlorite, and amphibole 
(Fig. 3D).

All ultramafic rocks assessed from Soldiers 
Delight (n = 5) are serpentinites, comprising ~100% 
serpentine alongside accessory spinel group 

minerals (Fig. 3E). Spinel occurs as 0.03–1.5‑mm-​
diameter grains that are generally subhedral 
(Table 1). The ultramafic rocks from Bare Hills 
(n = 2) comprise (in modal percent) 60%–80% 
serpentine and 20%–40% amphibole, alongside 
accessory spinel group minerals (Table 1; Fig. 3F). 
Amphibole occurs as 0.1–2.5-mm-diameter grains 
that are anhedral to subhedral, with larger grains 
generally elongate and smaller grains represent-
ing pseudomorphs after clinopyroxene. Spinel is 
generally subhedral to anhedral and <6 mm in 
diameter, with distinct rims observable with the 
naked eye. Based on the thin sections assessed 
here (n = 7), the Soldiers Delight and Bare Hills 
ultramafic rocks appear distinct from the Hollofield 
Quarry, Ashburton Reservoir, and Forest Park Golf 
Course ultramafic rocks in terms of their modal 
mineral proportions (see Table 1).

Bulk-Rock Geochemistry

Figures 4–6 detail the geochemical characteris-
tics of the ultramafic rocks analyzed as part of this 
study. Table 1 provides specific sample locations 
and the modal mineralogy for each sample. The 
full bulk-rock geochemical data set is included in 
the Supplemental Material (footnote 1). Through-
out the following sections, the presented data are 
compared to those of residual mantle rocks from 
the Oman ophiolite and abyssal peridotites (Godard 
et al., 2000, 2008; Paulick et al., 2006).

Major and Minor Elements

Hollofield Quarry samples contain (in weight 
percent unless stated): 23%–33% MgO, 41%–57% 

TABLE 1. MODAL MINERAL PROPORTIONS FOR EACH OF THE SAMPLES ASSESSED AS PART OF THIS STUDY, BALTIMORE MAFIC COMPLEX

Sample Latitude
(°N)

Longitude
(°W)

Locality ol 
(mod%)

srp 
(mod%)

opx 
(mod%)

cpx 
(mod%)

am 
(mod%)

plg 
(mod%)

chl 
(mod%)

Accessory 
phase

BMC19-H1 39.3095 76.7924 Hollofield Quarry 2 63 35 spl, ilm

BMC19-H2 39.3095 76.7924 Hollofield Quarry 2 98 spl, ilm

BMC19-H5 39.3095 76.7924 Hollofield Quarry 100 spl, ilm

BMC19-H6 39.3095 76.7924 Hollofield Quarry 15 40 10 5 30 spl, ilm

BMC19-H7(1) 39.3095 76.7924 Hollofield Quarry 1 99 spl, ilm

BMC19-H7(2) 39.3095 76.7924 Hollofield Quarry 4 96 spl, ilm

BMC19-H8 39.3095 76.7924 Hollofield Quarry 100 spl, ilm

BMC19-H9 39.3095 76.7924 Hollofield Quarry 100 spl, ilm

BMC19-H10 39.3095 76.7924 Hollofield Quarry 100 spl, ilm

BMC19-A1 39.3228 76.6698 Ashburton Reservoir 100 spl

BMC19-A2 39.3228 76.6698 Ashburton Reservoir 100

BMC19-A3 39.3228 76.6698 Ashburton Reservoir 2 1 37 60

BMC19-G2 39.3225 76.7008 Forest Park Golf Course 8 50 12 20 6 4

SD19-1 39.4126 76.8339 Soldiers Delight 100 spl

SD19-2 39.4203 76.8412 Soldiers Delight 100 spl

SD19-3 39.4203 76.8412 Soldiers Delight 100 spl

SD19-4 39.4395 76.8315 Soldiers Delight 100

SD19-5 39.4395 76.8315 Soldiers Delight 100 spl

BH19-1 39.3872 76.6596 Bare Hills 60 40 spl

BH19-2 39.3872 76.6596 Bare Hills 80 20 spl

Note: Sample BMC19-H7 is distinctly layered, with modal mineral proportions gives for both layers sampled by the thin section. Abbreviations: ol—olivine; 
mod—modal; srp—serpentine; opx—orthopyroxene; cpx—clinopyroxene; am—amphibole; plg—plagioclase; chl—chlorite; spl—spinel; ilm—ilmenite. 
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SiO2, <0.2% TiO2, 1%–2.7% Al2O3, 6%–22% Fe2O3, 
2%–9% CaO, <0.2% Na2O, 169–1288 ppm Ni, and 
920–6220 ppm Cr (Fig. 4). As shown on the bulk-
rock bivariate plots included in Figure 4, MgO in 
the ultramafic rocks displays moderate negative 
correlations (R2 = 0.4–0.7) with Al2O3 and SiO2, weak 
negative correlations (R 2 = 0.1–0.4) with TiO2, CaO, 
and Na2O, a weak positive correlation with Fe2O3 
and Ni, and no correlation with Cr. Data for these 
samples exhibit limited overlap with the literature 
data for residual mantle rocks (ophiolites and abys-
sal peridotites) on the major and minor element 
bivariate plots shown in Figure 4.

Relative to the Hollofield Quarry samples (Fig. 4), 
the Ashburton Reservoir samples are relatively poor 
in MgO (16.8–17.5 wt%) and rich in TiO2 (0.2–0.3 
wt%), Al2O3 (2.5–6.5 wt%), CaO (13–18 wt%), and 
Na2O (<0.5 wt%). However, these rocks show signif-
icant overlap with the Hollofield Quarry samples for 
all other major and minor elements (Fig. 4), includ-
ing SiO2 (53–55 wt%). The one sample from the 
Forest Park Golf Course contains 28 wt% MgO and 
falls within the ranges defined by the Ashburton 
Reservoir and Hollofield Quarry samples for most 
other major and minor elements. Data for these 
Ashburton and Forest Park samples show no over-
lap with the literature data for residual mantle rocks 
on major and minor element bivariate plots.

The analyzed rocks from Soldiers Delight and 
Bare Hills are considerably more MgO rich than the 
Hollofield Ultramafite samples, containing 41–44 
wt% MgO. These samples form tight clusters on 
most major and minor element bivariate plots 
(Fig. 4), containing (in weight percent unless stated): 
44%–51% SiO2, <0.1% TiO2, <0.4% Al2O3, 6%–7% 
Fe2O3, <7% CaO, 183–2542 ppm Ni, and 217–3165 
ppm Cr. These samples collectively show significant 
overlap with the field for residual mantle rocks on all 
major and minor element bivariate plots in Figure 4.

Trace Elements

Trace element bivariate plots (Fig. 5) indicate 
that a broad suite of elements, including Rb, Ba, 
Th, Nb, La, Ce, and Sr, in the Hollofield Quarry 
ultramafic rocks show little to no correlation with 

Yb (R 2 ≤0.15). In contrast, other elements, such as 
Zr, Sm, Ti, Gd, Y, Ho, and Lu, all show moderate 
to strong positive correlations (R 2 ≥0.50) with Yb, 
while Nd shows a poor correlation (R 2 = 0.21). Dis-
cussion of these data—and the implications for 
element mobility—is included in the Bulk-Rock 

Element Mobility section, and likely mobile ele-
ments are highlighted in red in Figure 6.

On chondrite-normalized rare-earth element 
(REE) plots, the ultramafic samples from Hollo
field Quarry generally show flat patterns ([La/Lu]

N = 0.3–1.1; Fig. 6A) with some weak negative Eu 

srp
ol

am

opx

am

cpx

spl
srp

 500 µm

spl
srp

am

(A) Hollofield Quarry, BMC19-H6

(C) Ashburton Reservoir, BMC19-A3

(E) Soldiers Delight, SD19-1 (F) Bare Hills, BH19-2

(B) Hollofield Quarry, BMC19-H1

 500 µm

(D) Forest Park Golf Course, BMC19-G2

srp

am

ol 
Remnants

am, chl

srp

plg

Figure 3. Photomicrographs detailing the basic mineralogy and textural characteristics displayed by the ultramafic rocks 
assessed as part of this study. Photomicrographs A, C, E, and F were taken using cross-polarized light, while B and D 
were taken using plane-polarized light. Abbreviations: am—amphibole; chl—chlorite; cpx—clinopyroxene; ol—olivine; 
opx—orthopyroxene; plg—plagioclase; spl—spinel; srp—serpentine.
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anomalies and normalized values ranging from 0.3 
to 2.3. One sample shows relative light-REE (LREE) 
enrichment ([La/Sm]N = 8) but is otherwise broadly 
comparable to the other samples from this local-
ity. On primitive mantle–normalized trace element 
plots, these samples show subtly U-shaped pat-
terns, alongside weak positive Ti anomalies and 
some negative Nb anomalies (Fig. 6E). The most 
compatible elements show mildly positive slopes 
([Zr/Yb]N = 0.1–0.3), while the most incompatible 
elements show mildly to moderately negative 
slopes ([Rb/Zr]N = 3–32). There is almost no over-
lap with the field for residual mantle rocks (shown 
in gray in Fig. 6).

On chondrite-normalized REE plots, the ultra-
mafic samples from Ashburton Reservoir and the 
Forest Park Golf Course show broadly flat pat-
terns ([La/Lu]N = 0.4–1.9), mild negative heavy-REE 
(HREE) slopes ([Gd/Lu]N = 1.0–1.3), weak positive 
LREE slopes ([La/Sm]N = 0.4–0.6), and normalized 
REE contents ranging 1.1–6.8 (Fig. 6B). One sam-
ple displays weak negative LREE patterns ([La/Sm]

N = 1.6) but is otherwise comparable to the other 
samples from these localities. On primitive mantle–​
normalized trace element plots, these samples show 
overall flat patterns ([Nb/Yb]N = 0.2–0.9), with nega-
tive Zr-Hf-Th-U anomalies, flat compatible-element 
patterns ([Sm/Yb]N = 0.8–1.2), and weak negative Ti 
anomalies (Fig. 6F). These samples show almost no 
overlap with the field for residual mantle rocks on 
these plots (Figs. 6B, 6F). The patterns are broadly 
parallel to those of the samples from Hollofield 
Quarry, but exhibit relative enrichment relative to 
these samples (Figs. 6B, 6F).

As illustrated by the chondrite-normalized REE 
plot, the ultramafic rocks from Soldiers Delight are 
depleted in most REEs (Fig. 6C), showing generally 
flat HREE patterns ([Gd/Lu]N = 0.7–0.9), negatively 
sloping LREE patterns ([La/Sm]N = 4.5–6.0), and 
normalized values ranging from 0.004 to 0.7. One 
sample shows negatively sloping HREE patterns 
([Gd/Lu]N = 2.0) but is otherwise comparable to the 
other Soldiers Delight ultramafic rocks. The overall 
REE concentrations are similar to those of residual 
mantle rocks, although they exhibit a weak nega-
tive rather than positive chondrite-normalized REE 
slope (Fig. 6C). On primitive mantle–normalized 
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Figure 4. Major and minor element bivariate plots for the ultramafic rocks from the Baltimore Mafic Com-
plex analyzed in this study. Literature data are from Godard et al. (2008, 2000) and Paulick et al. (2006).
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trace element plots, these samples show slight 
U-shaped patterns, with positively sloping pat-
terns for the most compatible elements ([Zr/Yb]N = 
0.2–0.8), negatively sloping patterns for the most 
incompatible elements ([Rb/Zr]N = 8–24), and posi-
tive Ti anomalies (Fig. 6G). There is near-complete 
overlap with the field for residual mantle rocks for 
all samples, with some enrichment in U and LREEs 
and some minor depletion in the most compatible 
elements relative to this field. Notably, the posi-
tive Ti anomalies shown by the Soldiers Delight 
rocks correlate with those shown for residual man-
tle rocks.

On chondrite-normalized REE plots, the ultra-
mafic rocks from Bare Hills show relatively flat 
HREE patterns ([Gd/Lu]N = 0.5–1.6), negatively 
sloping LREE patterns ([La/Sm]N = 1.8–5.6), and 
normalized abundances ranging from 0.3 to 12.2 
(Fig. 6D). On primitive mantle–normalized trace 
element plots (Fig. 6H), these samples show 
broad negative slopes ([Nb/Yb]N = 4.3–5.2) except 
for depletion in the most incompatible elements 
([Rb/Nb]N = 0.2). One sample shows prominent neg-
ative Eu and Ti anomalies and a weak negative 
Sr anomalies; the other shows weak negative Eu 
and Ti anomalies and a large positive Sr anomaly 
(Fig. 6H). Neither sample composition overlaps with 
the field for residual mantle rocks (Figs. 6D, 6H).

Spinel Mineral Chemistry

A total of 761 quantitative analyses were con-
ducted on spinel-group mineral grains from the 
Ashburton Reservoir (n = 62), Hollofield Quarry 
(n = 377), Soldiers Delight (n = 185), and Bare Hills 
(n = 137) localities. While these analyses indicate 
the assessed minerals are largely not spinel sensu 
stricto, we hereafter refer to all spinel-group miner-
als as such. Spinel assessed ranges from 7 to 3600 
µm in diameter and can be broadly subdivided into 
four petrographic groups (Table 2; Fig. 7):

•	 Type 1: Distinctly zoned spinel, wherein zona-
tion is apparent in back-scattered electron 
(BSE) images and chemical maps (Figs. 7A–7C) 
and with the naked eye in hand specimen. 
Cores are generally homogenous and euhedral, 

Trace element bivariate plots
Notes: R  values are for Hollofield Quarry samples only (n=8); both axes are logarithmic2
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and the transition from cores to rim is sharp 
(a few tens of micrometers or less). The type 1 
rims are commonly thick relative to the size 
of the grains, are concentrically zoned with 
respect to the concentration of some elements 
(Figs. 7A–7C) and tend to be more inclusion 
rich in their outermost regions.

•	 Type 2: Cryptically zoned spinel, wherein zona-
tion is significantly less marked than type 1, 
gradational, and apparent only in chemical 
maps (Figs. 7D–7F). Unlike the type 1 spinel, 
type 2 spinel does not contain distinct core-rim 
compositional boundaries, although grains do 
exhibit progressive changes in the concentra-
tion of some elements toward the edges of 
grains. Specifically, relative to cores, the rims 
of type 2 spinel show relative enrichment in 
Fe and relative depletion in Cr, Mn, and Ti. 
The outmost regions are invariably inclusion 
rich (Fig. 7D). In rare cases, small, chemically 
distinct zones occur in the cores of grains, 
although these areas are barely visible in BSE 
images (e.g., Figs. 7D–7F).

•	 Type 3: Homogenous spinel, wherein the 
chemical composition is consistent through-
out individual grains (Figs. 7G–7H).

•	 Type 4: Partially rimmed spinel, wherein the 
composition is generally homogenous, but 
an extremely thin, Fe-rich rim (<10 µm thick) 
occurs on one or more sides of individual 
grains (Figs. 7I–7J).

The type 1 (distinctly zoned) and type 2 (cryp-
tically zoned) spinel grains are relatively large, 
showing mean diameters of 1016 µm and 760 µm, 
respectively. Comparatively, type 3 (homogenous) 
and type 4 (partially rimmed) spinel grains are 
small, exhibiting mean diameters of 140 µm and 
154 µm, respectively. Small silicate veins that cross-
cut larger spinel grains are ubiquitous but rarely 
display any spatial correlation with the composition 
of spinel (Figs. 7A–7F). Where spinel is altered in 
association with the veins (Figs. 7K–7L), it is defined 
by compositions that are relatively rich in Fe, Si, 
and K and poor in Cr and V (Table 3).

As summarized in Table 2, there is signifi-
cant variation in the petrographic types of spinel 
observed at different localities. Spinel grains from 
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Ashburton Reservoir and Hollofield Quarry gener-
ally classify as type 3 (homogenous) spinel, with 
a small number of type 4 (partially rimmed) spi-
nel grains also present. In contrast, spinel grains 
analyzed from Soldiers Delight and Bare Hills gen-
erally classify as type 1 (distinctly zoned) or type 2 
(cryptically zoned), with a small number of type 3 
(homogenous) spinel grains (Table 2).

The succeeding text summarizes the broad 
characteristics of this large data set, with Table 3 
providing a detailed overview of the geochemical 
characteristics displayed by each petrographic 
group in each locality. Minimum, maximum, and 
mean values are provided for every element ana-
lyzed, as well as for the following key geochemical 
proxies (Barnes and Roeder, 2001): Fe2+# (Fe2+/[Fe2+ 
+ Mg]), Fe3+# (Fe3+/[Cr + Al + Fe3+]) and Cr# (Cr/[Cr + 
Al] × 100). The cations per formula unit values are 
provided in the Supplemental Material (footnote 1). 
Figure 8 illustrates the relative composition of the 
analyzed spinel using the Fe2+# versus Fe3+# and 
Fe3+# versus TiO2 plots, with associated elemental 
maps included for petrographic context.

The cores of type 1 (distinctly zoned) spi-
nel grains from both Soldiers Delight and Bare 
Hills, which classify as chromite, are relatively 
homogenous in their major and minor element 
compositions (Table 3; Figs. 8A–8B). Compared 
with other spinel types assessed here, they exhibit 
relatively high MgO (5.0–8.4 wt%), Cr2O3 (50.8–59.4 
wt%), and Al2O3 (6.1–12.2 wt%) contents and dis-
tinctly low Fe2O3 abundances (0.4–4.2 wt%). On Fe2+# 
versus Fe3+# and Fe3+# versus TiO2 plots, the cores 
of type 1 spinel plot as a tight, isolated group. The 

rims of type 1 spinel, which classify as chromite, 
Fe-chromite, Cr-magnetite, and magnetite, are 
compositionally zoned, with Cr2O3 (3.5–46.5 wt%), 
TiO2 (<1.0 wt%), and Fe2O3 (8.6–60.1 wt%) showing 
moderate to large ranges (Table 3). Cr# and Fe2+# 
are extremely high, and Fe3+# shows broad ranges. 
As illustrated in Figures 8A–8B, these zoned rim 
compositions form a systematic array away from 
innermost rim compositions.

Type 2 (cryptically zoned) spinel grains from 
both Soldiers Delight and Bare Hills, which clas-
sify as chromite, Fe-chromite, Cr-magnetite, and 
magnetite, show wide ranges for TiO2 (<1.7 wt%), 
Cr2O3 (0.3–55.9 wt%), and Fe2O3 (1.7–66.2 wt%; 
Table 3). Narrower ranges are observed for other 
elements, such as MgO and Al2O3. Fe2+# are high, 
while Cr# and Fe3+# show moderate to large ranges. 
These compositions also define systematic core-rim 
arrays on the Fe2+# versus Fe3+# and Fe3+# versus 
TiO2 plots (Figs. 8E–8F), with these arrays overlap-
ping with the array shown by the type 1 spinel rims.

Type 3 (homogenous) spinel grains from Bare 
Hills and Soldiers Delight, which classify as Fe-chro-
mite, Cr-magnetite, and magnetite, show broad 
ranges in Cr2O3 (0.5–12.7 wt%), FeO (30.8–40.0 
wt%), and Fe2O3 (44.8–66.5 wt%) contents and a 
tight range in TiO2 (<0.3 wt%; Table 3; Figs. 8E–8F). 
This group of spinel records high Cr#, Fe2+#, and 
Fe3+# (Table 3), forming broad arrays on the Fe2+ 
versus Fe3+ and Fe3+ versus TiO2 plots (Figs. 8A–8B). 
Compositionally, type 3 spinel from Ashburton Res-
ervoir and Hollofield Quarry is comparable to that 
of Bare Hills, although these analyses show sig-
nificant enrichment in TiO2 (Table 3), as detailed 

in Figure 8F. Type 3 arrays for the Ashburton Res-
ervoir and Hollofield Quarry samples also form 
broad, similarly oriented arrays on bivariate plots 
(Figs. 8E–8F), but there is offset between these 
arrays and those of the Bare Hills and Soldiers 
Delight samples (Figs. 8E–8F).

The cores of type 4 (partially rimmed) spinel, 
which classify as Cr-magnetite and magnetite, show 
tight ranges in their major and minor element com-
positions, with relatively high TiO2 (2.5–3.1 wt%), 
moderately high Cr2O3 (33.4–35.8 wt%), and rela-
tively low Fe2O3 (12.8–14.5 wt%; Table 3). Fe3+# is 
low, whereas Cr# and Fe2+# are high. In contrast, 
the rims of the type 4 spinel show broader com-
positional ranges, alongside relative enrichment 
in Fe2O3 (53.9–65.7 wt%) and relative depletion in 
Cr2O3 (1.3–7.8 wt%; Table 3). Core analyses plot as 
a tight, isolated group on Fe2+# versus Fe3+# and 
Fe3+# versus TiO2 plots, whereas rim analyses 
show significant overlap with type 3 compositions 
(Figs. 8E–8F).

■■ DISCUSSION

Effects of Metamorphism and Hydrothermal 
Alteration

Bulk-Rock Element Mobility

The relative mobility of individual trace ele-
ments can be tested by plotting their concentrations 
against those of the most immobile elements (e.g., 
Zr, Y, and Yb) and determining the R 2 value (e.g., 

TABLE 2. PETROGRAPHIC CLASSIFICATION OF THE QUANTITATIVE SPINEL ANALYSES FROM THE STUDIED LOCALITIES, BALTIMORE MAFIC COMPLEX

Locality Total spinel 
grains

(N)

Type 1: Distinctly 
zoned spinel grains 

(n)

Type 2: Cryptically 
zoned spinel grains 

(n)

Type 3: Homogeneous 
spinel grains 

(n)

Type 4: Partially 
rimmed spinel grains 

(n)

Vein-altered 
analyses

(n)

Mean 
diameter

Ashburton Reservoir 62 n/a n/a 62 n/a n/a 93 µm

Hollofield Quarry 377 n/a n/a 339 36 2 132 µm

Soliders Delight 185 66 core + 62 rim 33 6 n/a 18 497 µm

Bare Hills 137 20 core + 37 rim 57 23 n/a n/a 1376 µm

Mean diameter 761 1016 µm 760 µm 140 µm 154 µm n/a n/a

Note: The Forest Park Golf Course sample (BMC19-G2) does not contain spinel. n/a—no data for this classification.
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Guice, 2019). All samples included must be coge-
netic, with the reliability of such tests greater when 
utilizing large, well-characterized data sets (e.g., 
Guice et al., 2018, 2019). Because the BMC is poorly 
exposed, such an approach is not possible for all 
localities studied, but the demonstrably cogenetic 
and relatively well-exposed Hollofield Quarry sam-
ples (Figs. 2A–2B) can be utilized to test element 
mobility. While this method cannot elucidate the 
specific metasomatism experienced by every local-
ity studied here (Hollofield Ultramafite, Hollofield 
Quarry, Bare Hills), it provides the best possible 
approximation.

As shown by the high R 2 values for Zr, Sm, Ti, 
Gd, Y, Ho, and Lu (when plotted against Yb; R 2 
≥0.5; Fig. 5), these elements likely record limited 
mobility in the Hollofield Quarry rocks. In contrast, 
a large suite of elements, including Rb, Ba, Th, Nb, 
La, Ce, Sr, and Nd, show extremely poor correla-
tions with Yb (R2 ≤0.13; Fig. 5). While some of these 
elements (e.g., Rb, Ba, and Sr) are typically consid-
ered mobile, others (e.g., Th, La, Ce, Nd, and Nb) 
are typically considered immobile. This is consis-
tent with research suggesting that these elements 
(notably the LREEs) can be mobilized during some 
forms of hydrothermal alteration, particularly in 
ultramafic rocks that have experienced high-grade 
metamorphism and/or metasomatism (e.g., Wood, 
1990; Yaxley et al., 1991; Lahaye et al., 1995; Powell 
et al., 2004; Guice et al., 2018, 2019). Moreover, the 
ultramafic rocks—particularly those from Soldiers 
Delight—display exceptionally low trace element 
concentrations, meaning that they have a high sus-
ceptibility to even small amounts of metasomatism 
via fluid and/or rock interactions.

These data indicate that there has been signifi-
cant mobilization of Rb, Ba, Sr, the LREEs, Th, and 
possibly Nb associated with metamorphism and 
hydrothermal alteration of the Hollofield Quarry 
ultramafic rocks. While these metamorphic and 
metasomatic effects should not be immediately 
extrapolated to other localities investigated as part 
of this study, it is likely that a similar suite of ele-
ments experienced mobility during hydrothermal 
alteration. Given the higher modal abundances of 
secondary minerals (e.g., serpentine and amphi-
bole) shown by the Soldiers Delight and Bare Hills 

Type 1: Distinctly zoned spinel

Type 2: Cryptically zoned spinel

Type 3: Homogenous spinel

Vein alteration of spinel

Type 4: Partially rimmed spinel

100 µm 100 µm

Increasing 
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(l) Fe 
map

20 µm 20 µm
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40 µm
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(b) Fe map
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(g) BSE image (h) BSE image (i) BSE image (j) Fe map

(k) BSE image

Figure 7. Back-scattered electron (BSE) images and chemical maps detailing the petrographic and basic chem-
ical characteristics of the spinel grains assessed as part of this study. See Tables 2–3 and text for discussion.
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TABLE 3. GEOCHEMICAL CHARACTERISTICS OF THE SPINEL TYPES ANALYZED FROM EACH LOCALITY, BALTIMORE MAFIC COMPLEX

Ash. Hollofield Quarry Soldiers Delight Bare Hills

Classification 3 3 4-c 4-r 1-c 1-r 2 3 1-c 1-r 2 3 Alt.

Number of grains 62 339 29 7 66 62 33 6 20 37 57 23 20

MgO Min. 0.04 0.04 0.75 0.01 5.04 0.52 0.29 0.25 5.11 1.50 1.30 1.13 0.10
Max. 0.37 1.10 0.99 0.10 6.34 2.03 5.15 0.35 8.41 3.50 5.50 1.95 1.23
Mean 0.15 0.31 0.90 0.06 5.50 1.07 1.83 0.30 7.25 2.39 2.40 1.57 0.46

Al2O3 Min. 0.03 0.01 0.34 0.01 7.20 n.d. n.d. n.d. 6.08 0.01 0.01 n.d. n.d
Max. 0.14 0.81 0.69 0.08 12.22 0.97 9.00 0.04 11.14 0.64 0.51 0.05 0.48
Mean 0.06 0.18 0.49 0.03 8.96 0.06 1.35 <0.01 9.00 0.10 0.08 0.03 0.04

SiO2 Min. n.d. n.d. n.d. 0.05 n.d. n.d. n.d. 0.01 n.d. n.d. n.d. n.d. 0.15
Max. 0.04 0.76 0.05 0.3 0.18 1.15 0.06 0.07 0.80 0.11 0.72 0.07 1.95
Mean 0.02 0.05 0.02 0.18 <0.01 0.02 0.01 0.03 0.08 0.04 0.05 0.03 0.84

TiO2 Min. 0.22 0.34 2.48 0.08 n.d. 0.06 n.d. n.d. n.d. 0.03 0.05 0.04 n.d.
Max. 2.64 5.56 3.07 0.54 0.11 0.37 0.32 0.09 0.09 0.95 1.64 0.23 0.08
Mean 1.08 2.15 2.89 0.20 0.02 0.19 0.11 0.03 0.04 0.37 0.35 0.11 < 0.01

Cr2O3 Min. 3.73 0.23 33.44 1.30 52.73 3.45 0.32 0.45 50.81 5.10 5.55 2.80 1.33
Max. 17.43 35.84 35.77 7.79 59.44 20.47 55.85 1.66 58.36 46.47 42.40 12.74 7.66
Mean 8.05 9.71 34.87 3.40 56.74 12.00 29.58 0.77 55.30 16.10 15.64 6.41 3.17

MnO Min. 0.01 n.d. 0.36 n.d. 0.43 n.d. n.d. n.d. 0.53 0.11 0.03 0.03 0.06
Max. 1.30 0.61 0.64 0.12 0.85 0.59 0.79 0.11 1.25 0.82 2.03 0.31 2.74
Mean 0.43 0.20 0.49 0.03 0.64 0.22 0.44 0.03 0.87 0.40 0.43 0.18 0.76

FeO Min. 34.74 31.61 42.94 32.73 23.82 33.41 27.74 30.82 21.08 34.11 34.78 32.52 31.21
Max. 43.85 44.98 44.52 39.19 27.97 42.66 41.68 31.99 31.18 42.84 43.82 40.02 39.62
Mean 38.44 40.09 44.05 35.03 26.29 39.10 39.95 31.28 24.68 38.64 34.78 35.19 35.39

Fe2O3 Min. 31.44 12.34 12.82 53.92 0.36 30.20 1.66 64.02 0.90 8.56 9.75 44.77 47.44
Max. 59.00 65.42 14.51 65.66 1.80 60.10 66.17 66.48 4.17 56.02 55.82 60.83 63.75
Mean 49.72 44.40 13.48 61.41 1.16 45.44 28.11 65.73 1.89 39.08 39.85 54.55 58.60

NiO Min. n.d. n.d. n.d. n.d. n.d. 0.05 n.d. 0.48 n.d. 0.13 0.26 0.46 n.d.
Max. 0.39 0.22 0.11 0.04 0.45 1.08 0.95 0.60 0.46 1.34 1.23 1.08 0.63
Mean 0.08 0.07 0.03 0.01 0.05 0.76 0.37 0.54 0.13 0.75 0.77 0.84 0.06

Cr# Min. 98.54 84.6 97.4 95.7 75.0 98.8 80.9 91.2 77.9 98.1 98.4 98.7 93.1
Max. 99.53 99.9 100.0 99.9 84.5 100.0 100.0 100.0 85.7 99.8 99.9 100.0 100.0
Mean 99.08 97.7 98.1 98.8 81.1 99.7 96.3 98.0 80.8 99.4 99.4 99.4 99.3

Fe2+# Min. 0.98 0.95 0.96 0.99 0.68 0.92 0.75 0.97 0.58 0.85 0.76 0.88 0.91
Max. 1.00 1.00 0.97 1.00 0.75 0.97 0.98 0.98 0.77 0.92 0.93 0.93 0.99
Mean 0.99 0.98 0.96 1.00 0.73 0.95 0.91 0.98 0.65 0.88 0.88 0.91 0.97

Fe3+# Min. 0.59 0.23 0.23 0.84 0.00 0.51 0.02 0.97 0.01 0.14 0.16 0.73 0.81
Max. 0.92 0.99 0.27 0.97 0.02 0.93 0.99 0.99 0.05 0.89 0.88 0.94 0.97
Mean 0.82 0.77 0.25 0.93 0.01 0.74 0.44 0.09 0.02 0.65 0.66 0.86 0.93

Note: Cr# = molar Cr/[Cr/Al] x 100; Fe2+# = molar Fe2+/[Mg+Fe2++Fe3+]; Fe3+# = molar Fe3+/[Cr+Al+Fe3+]. Abbreviations: Ash.–Ashburton Reservoir; c—core; r—rim; Alt.—
vein-altered spinel composition; Min.—minimum; Max.—maximum. Spinel classifications are as in Figure 7 and Table 2. See Supplemental Material (text footnote 1) for cations per 
formula unit values. n.d.—not detected.
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rocks, these localities likely experienced compara-
ble or more intense hydrothermal alteration (and 
associated element mobility) than the rocks at 
Hollofield Quarry; this might explain the extremely 
low total REEs but relatively high normalized La/Lu 
values for these rocks (Fig. 6). We therefore treat 
the incompatible bulk-rock trace element data with 
caution—particularly for those elements here con-
sidered to have been mobile—when interpreting 
the origin of the BMC (Origin of the Baltimore Mafic 
Complex section). Figure 6 highlights elements 
likely to be mobile in red, with these elements 
concentrated toward the left-hand side of the hor-
izontal axis on both REE and trace element plots. 
The patterns and normalized abundances shown by 
the most compatible elements, which plot toward 
the right-hand side of these plots and are consid-
ered relatively immobile, are therefore considered 
the closest approximation of primary compositions.

Major element mobility is more difficult to 
constrain, but several general constraints can be 
made based on the data presented here. First, the 
high SiO2 contents shown by most samples likely 
reflects high modal abundance of alteration phases. 
This is supported by the mineralogy of the samples 
with lowest SiO2 contents (samples BMC19-H6 and 
BMC19-G2), which exhibit comparatively low modal 
abundances of alteration minerals (see Table 1 and 
Fig. 4). Second, the Soldiers Delight samples show 
a broad range in Ni and Cr contents, which can 
likely be attributed to variable alteration of Ni- and 
Cr-bearing phases in the low-Ni and low-Cr sam-
ples. In terms of Cr, this process is demonstrated 
by the alteration of spinel (see the Spinel Chemistry 
section below). The variation in Ni content is more 
ambiguous but could result from the removal of 
micrometer-scale pentlandite grains during hydro-
thermal alteration (e.g., Guice et al., 2019).

Spinel Chemistry: Distinguishing Primary and 
Secondary Compositions

The chemical compositions of spinel-group 
minerals in ultramafic rocks are extremely variable 
(cf. Kamenetsky et al., 2001; Barnes and Roeder, 2001) 
and may reflect diverse suites of processes, including 
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primary crystallization, metamorphic growth, and 
chemical alteration associated with metamorphism 
and/or hydrothermal fluids (Lipin, 1984; Barnes and 
Roeder, 2001; Raymond et al., 2003; XuanThanh et 
al., 2011; Gargiulo et al., 2013; Ahmed and Surour, 
2016). Based on the petrographic observations and 
chemical analyses presented in the Spinel Mineral 
Chemistry section above, spinel-group minerals in 
the BMC are interpreted to record both primary crys-
tallization and secondary processes.

The homogeneous Al- and Cr-rich cores of the 
type 1 (distinctly zoned) grains show sharp chem-
ical contrasts with the surrounding rims. On the 
bivariate plots presented in Figures 8 and 9, these 
analyses form tight clusters that are distinct from 
all other spinel groups and fall within the ophiol-
itic range established by Barnes and Roeder (2001), 
except for having slightly lower Fe3+# values. These 
compositions, which are preserved only in the rela-
tively coarse-grained spinel-group minerals found 
in the ultramafic rocks at Bare Hills and Soldiers 
Delight, are considered to represent primary com-
positions. This interpretation is consistent with the 
findings of Lipin (1984) and Gargiulo et al. (2013), 
who interpreted similar compositions as the prod-
uct of magmatic crystallization.

All other compositions are considered to reflect 
one or more secondary processes; the thick rims 
shown by the type 1 spinel grains represent the clear-
est evidence that such compositions are secondary. 
Chemical analyses define a wide compositional 
array on bivariate and ternary plots between Cr-, 
Al-, Ti-, and Mn-rich cores to Fe-rich rims (Figs. 8–9). 
This same array is shown by the type 2 (cryptically 
zoned), type 3 (homogenous), and type 4 (partially 
rimmed) spinel grains from the studied localities, 
indicating that while any primary magmatic signa-
tures in these grains are entirely obliterated, they 
record the same secondary process(es). This rim 
array—evolving along the ferritchromite-magnetite 
solid solution (Fig. 9D) toward the exterior of grains—
is inconsistent with primary magmatic spinel fields 
(Fig. 9) and consistent with secondary spinel compo-
sitions documented at a variety of localities globally 
(e.g., Lipin, 1984; Barnes and Roeder, 2001; Raymond 
et al., 2003; XuanThanh et al., 2011; Gargiulo et al., 
2013; Ahmed and Surour, 2016).
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This broad array of secondary compositions can 
likely be attributed to one or more processes, which 
may include spinel growth during metamorphism, 
chemical alteration of existing (magmatic) spinel 
during metamorphism, and chemical alteration of 
existing (magmatic) spinel during serpentiniza-
tion. Establishing the precise suite of metamorphic 
and hydrothermal processes responsible for the 
observed compositions is contingent upon a 
comprehensive understanding of the pressure-tem-
perature conditions experienced by the BMC (and 
adjacent rocks), an understanding not afforded by 
the current body of literature. Most important, in 
the context of this paper, is the confident identifi-
cation of type 1 spinel cores as resembling primary 
compositions that can be used to aid subsequent 
interpretations of the origin of the BMC (Fig. 9). 
Notably, all of these primary spinel compositions 
are from the Soldiers Delight and Bare Hills locali-
ties, with none from the Hollofield Ultramafite.

Origin of the Baltimore Mafic Complex

As outlined in the introduction to this paper, 
the BMC (and other ultramafic-mafic bodies in the 
central and southern Appalachians) have been 
previously considered to represent either ophio-
lite fragments (Crowley, 1976) or a dismembered 
stratiform intrusion (Shank and Marquez, 2014). In 
this section, we consider the origin of the Soldiers 
Delight Ultramafite before considering the Hollo-
field Ultramafite and Bare Hills ultramafic body 
(Fig. 1B). It should be noted that our interpretations 
should not be indiscriminately applied to the BMC 
in northern Maryland and southern Pennsylvania 
described by Shank and Marquez (2014). Although 
these rocks have historically been considered 
cogenetic, it is possible that they record multiple 
provenances, with further research required to 
establish the strength of previous correlations.

Soldiers Delight

As outlined in the Bulk-Rock Element Mobility 
section above, the concentrations of the elements 

that sit toward the right-hand side of chondrite-​
normalized REE and primitive mantle–​normalized 
trace element plots (see Fig. 6) most closely resem-
ble primary compositions and are utilized here for 
interpreting the origin of the BMC. The strongly 
depleted normalized bulk-rock trace element signa-
tures observed for the Soldiers Delight Ultramafite 
(Fig. 6G) are highly suggestive of a mantle origin, 
with compositions overlapping strongly with the 
field for abyssal peridotites and ophiolitic mantle 
(see Figs. 5 and 6). In fact, the most compatible 
elements (e.g., Ho, Tm, Yb, and Lu) are even more 
depleted than these literature data for residual 
mantle rocks (Fig. 6G). This trace element signature 
is unique to mantle rocks that have experienced 
significant melt extraction, with incompatible ele-
ments lost to extracted melts (see the Introduction 
for details; e.g., Godard et al., 2000, 2008; Paulick 
et al., 2006). These data are therefore inconsis-
tent with an intrusion-related interpretation for 
the origin of the Soldiers Delight Ultramafite (see 
Figs. 4–6 and 9).

A mantle origin for the Soldiers Delight Ultra
mafite is supported by other aspects of the bulk-rock 
and mineral chemical data. First, there is near-com-
plete overlap between the bulk-rock compositions 
and the field for residual mantle rocks on both 
immobile trace element (see the Effects of Metamor-
phism and Hydrothermal Alteration section above 
for definition and discussion) bivariate plots (Fig. 5) 
and major element bivariate plots (Fig. 4). Second, 
type 1 spinel cores, which are considered to retain 
magmatic crystallization signatures (see the Spinel 
Chemistry: Distinguishing Primary and Second-
ary Compositions section above), show complete 
overlap with the field for ophiolites and oceanic 
peridotites (of Barnes and Roeder, 2001) on Fe2+# 
versus Cr#, Fe3+# versus TiO2, and Cr-Fe3+-Al plots 
(Figs. 9B–9D). For comparison, these data show min-
imal overlap with the large layered-intrusion field on 
the Fe2+# versus Fe3+#, Fe2+# versus Cr#, Fe3+# versus 
TiO2, and Cr-Fe3+-Al plots (Fig. 9). Third, these spinel 
analyses also fall within the suprasubduction zone 
(SSZ) peridotite field on the Al2O3 versus TiO2 plot 
and within the mantle array on the Cr2O3 versus 
Al2O3 plot, and show the extremely low TiO2 con-
tents (<0.5 wt%) that are characteristic of podiform, 

rather than stratiform, chromitites (e.g., Kamenetsky 
et al., 2001). The analyses also show no overlap with 
the arc cumulates field on the Cr2O3 versus Al2O3 
plot, underlining the inconsistency of these data 
with an arc-related intrusion interpretation (cf. Sinha 
et al., 1997; Shank and Marquez, 2014).

While the majority of data presented hint at a 
mantle origin for the Soldiers Delight Ultramafite, 
the position of magmatic spinel analyses on the 
Fe2+# versus Fe3+# plot (Fig. 9A) brings this inter-
pretation into question, with the data showing only 
limited overlap with the ophiolites and abyssal per-
idotites field of Barnes and Roeder (2001). Despite 
this small inconsistency—likely attributable to alter-
ation, which has demonstrably affected the Fe3+# 
values of spinel (see Figs. 8–9)—we consider the 
Soldiers Delight Ultramafite to represent mantle 
peridotite (Fig. 10), with the broader BMC compris-
ing various other ophiolitic fragments.

Hollofield Ultramafite

The presented data for the Hollofield Ultra-
mafite show significant differences from those for 
Soldiers Delight (Figs. 4–6 and 8). First, the Hollo
field Ultramafite is distinctly layered on millimeter, 
centimeter, and decimeter scales, as shown at the 
Hollofield Quarry (Figs. 2A–2B) and Forest Park Golf 
Course (Fig. 2C) localities (see Fig. 1 for locations). 
Second, these rocks are relatively evolved and 
distinct from the field for ophiolites and abyssal 
peridotites, exhibiting bulk-rock MgO contents of 
17–33 wt% and TiO2 contents >0.05 wt% (Fig. 4). 
Third, the geochemical data are consistent with 
rocks that crystallized from a melt, rather than 
being the residue after melt extraction. Primitive 
mantle–normalized trace element abundances are 
generally at or close to 1 (Figs. 6E–6F) and major 
element compositions are distinct from the field 
for mantle residue (see Fig. 4).

These data therefore suggest that the Hollofield 
Ultramafite crystallized from a melt, rather than rep-
resenting residual mantle rocks. Given the probable 
mantle affiliation of the ultramafic rocks at Soldiers 
Delight (see the Soldiers Delight section above), 
the Hollofield Ultramafite could represent the 
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ultramafic cumulates that form the Moho (Fig. 10; 
Dilek and Furnes, 2014). This interpretation is con-
sistent with the spatial association with mafic rocks, 
which occur as volumetrically minor layers within 
the logged section at Hollofield Quarry (Fig. 2A) and 
predominate in the adjacent Mount Washington 
Amphibolite (Figs. 1B and 10).

Bare Hills

The Bare Hills ultramafic rocks share several 
bulk-rock geochemical and mineral chemical char-
acteristics with the Soldiers Delight samples. First, 
the type 1 spinel cores plot within the ophiolite 
and oceanic peridotites field (of Barnes and Roeder 
2001) on the Fe2+# versus Cr#, Fe3+ versus TiO2, and 

Cr-Fe3+-Al plots, showing near-complete overlap 
with the Soldiers Delight analyses (Figs. 9B–9D). 
Second, these spinel data also plot within the SSZ 
peridotite and mantle array fields on the Al2O3 ver-
sus TiO2 and Cr2O3 versus Al2O3 plots respectively 
(Figs. 9E–9F), and exhibit extremely low TiO2 con-
tents (cf. Kamenetsky et al. 2001). Third, the Bare 
Hills ultramafic rocks show near-complete overlap 
with the field for residual mantle rocks on most 
major element bivariate plots (Fig. 4).

Though these data suggest that the Bare Hills 
ultramafic body also represents mantle peridotite, 
this hypothesis is questioned by results shown in the 
normalized trace elements plot of Figure 6H, which 
indicates enrichment in trace elements relative to 
the field for residual mantle rocks. Such enrichment 
is observed not only for the more mobile elements 
(e.g., Rb, Ba, La) but also for the elements considered 
most immobile (see Fig. 6). While this geochemi-
cal signature could be explained by refertilization 
of mantle peridotite via interaction with mantle-de-
rived melts, which has the effect of increasing trace 
element abundances and driving compositions back 
toward those for primitive mantle (Rollinson, 2007), 
we employ caution and consider the origin of this 
small occurrence (Fig. 1B) to remain ambiguous.

Magmatic Affinity of the BMC

To further elucidate the magmatic affinity of the 
BMC, the bulk-rock trace element compositions of 
the Soldiers Delight mantle rocks are compared 
to global data sets (see Fig. 11) compiled for three 
geodynamic settings (after Deschamps et al., 
2013), namely: (1) abyssal serpentinites, which 
represent oceanic mantle peridotites formed at 
slow and ultraslow mid-ocean spreading ridges; 
(2) mantle wedge serpentinites, which can be 
broadly described as the mantle located between 
the upper part of subducting lithosphere and the 
overriding plate and can include forearc mantle; 
and (3) subducted serpentinites, which represent 
a more heterogenous and poorly defined group 
that includes mantle rocks from volatile-rich 
ridges, trenches, and the oceanic-continental tran-
sition zone.

On chondrite-normalized REE and primitive 
mantle–​normalized trace element plots, the Sol-
diers Delight rocks are largely distinct from the 
field for abyssal serpentinites (Figs. 11A, 11D; Des-
champs et al., 2013). While the Soldiers Delight 
samples show flat to mild positive slopes for the 
most compatible and immobile elements (Gd–Lu; 
Figs. 11A, 11D), abyssal serpentinites display steep 
positive slopes for these elements. Moreover, the 
Soldiers Delight samples show significant deple-
tion in the most compatible elements (Yb and 
Lu) relative to abyssal serpentinites, suggesting 
the BMC does not represent oceanic lithosphere 
formed at a mid-ocean spreading ridge (i.e., the 
BMC is not a subduction-unrelated ophiolite; Dilek 
and Furnes, 2011). A spreading-ridge origin for the 
BMC is also contradicted by the composition of 
spinel in the Soldiers Delight mantle rocks. Spi-
nel in abyssal peridotites generally shows Cr# <20 
(Michael and Bonatti, 1985; Deschamps et al., 2013), 
whereas those analyzed from Soldiers Delight dis-
play Cr# of 75–86. Similarly, the Soldiers Delight 
mantle rocks show limited overlap with the sub-
ducted serpentinites field (Figs. 11C, 11F).

In contrast, the Soldiers Delight mantle rocks 
strongly correspond with the field for mantle 
wedge serpentinites (Figs. 11B, 11E), suggesting 
the BMC represents SSZ oceanic lithosphere (Dilek 
and Furnes, 2011). There is near-complete overlap 
with this field on both chondrite-normalized REE 
(Fig. 11B) and primitive mantle–normalized trace 
element plots (Fig. 11E). Despite this, some differ-
ences do exist from the mantle wedge serpentinites 
field. One sample shows extremely mild enrich-
ment in most elements, and U is slightly enriched in 
most samples. A SSZ interpretation for the Soldiers 
Delight rocks is consistent with the primary com-
positions of spinel in these rocks (see the Spinel 
Chemistry: Distinguishing Primary and Secondary 
Compositions section above; Fig. 9), which plot 
within the SSZ peridotite field on the Al2O3 ver-
sus TiO2 plot, display Cr# of between 75 and 85, 
and TiO2 contents of ≤0.11 wt% (Fig. 9; Table 3). 
These data are comparable to those from spinel in 
subduction-related peridotites (including mantle 
wedge serpentinites), which generally show Cr# of 
>40 (Dick and Bullen, 1984; Parkinson and Arculus, 
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1999; Deschamps et al., 2013) and extremely low 
TiO2 contents (Arai et al., 2011; Liu et al., 2016).

A subduction-related magmatic affinity for the 
BMC is also consistent with previous research focus-
ing on the overlying mafic rocks (Hanan and Sinha, 
1989; Sinha et al., 1997). The authors of that research 
interpreted the magmatic source as being associated 
with either a continental margin arc (Sinha et al., 
1997) or back-arc basin–related magmatism (Hanan 
and Sinha, 1989). Further evaluation of these hypoth-
esized settings—to more specifically elucidate 
ophiolite type—and our SSZ ophiolite interpretation 
should focus on utilizing modern geochemical meth-
ods to assess the geochemical affinity of the BMC’s 
mafic lithologies. Specifically, further work needs 

to address the question of whether the BMC—like 
many other SSZ ophiolites globally (Whattam and 
Stern, 2011; Stern et al., 2012)—represents forearc 
crust recording evidence for subduction initiation, 
or else has a back-arc basin origin.

Potential Implications for the Evolution of the 
Appalachian Orogen

Ultramafic-mafic complexes occur along the 
entire length of the Appalachian orogen, from 
Alabama to Newfoundland. Recognition of Iape-
tus-derived SSZ ophiolite fragments in the central 
Appalachian orogen raises interesting questions 

pertaining to the relationship to the northern 
Appalachian orogen, which also preserves SSZ 
ophiolites (e.g., Jenner et al., 1991; Olive et al., 1997; 
Bédard et al., 1998; Huot et al., 2002; Lissenberg et 
al., 2005; De Souza et al., 2008; Pagé et al., 2008, 
2009; Pagé and Barnes, 2009). The possibility that 
broadly coeval ophiolites are preserved along thou-
sands of kilometers of orogenic strike has potential 
implications for the initiation and evolution of tec-
tonic convergence on a continental scale, within 
both the Appalachian orogen and orogenic belts 
globally. Key to addressing such questions will be 
further study of the Appalachian ultramafic-mafic 
complexes to better understand their timing and 
significance, in terms of both the magmatic and 
tectonic histories they record at specific localities 
and the along-strike timing of those events.

■■ CONCLUSIONS

1.	 The primary finding of this study is that 
the Baltimore Mafic Complex in Maryland 
comprises several fragments of a supra-
subduction zone (SSZ) ophiolite. The 
Soldiers Delight rocks likely represent man-
tle peridotites, with the Hollofield Ultramafite 
interpreted as the layered ultramafic portion 
that forms the Moho. The origin of the Bare 
Hills ultramafic body remains ambiguous.

2.	 Several ultramafic-mafic bodies in the 
central and southern Appalachians have 
previously been interpreted as ophiolite 
fragments, but this work presents, for the 
first time, chemical evidence for the pres-
ence of residual mantle rocks in this portion 
of the Appalachian orogen. Recognition of 
Iapetus-derived SSZ ophiolite fragments in 
the central Appalachian orogen raises the 
interesting possibility that broadly coeval 
ophiolites are preserved along thousands 
of kilometers of orogenic strike.
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