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The Melrose Stock in the Dolly Varden Mountains of east-central Nevada is one of the
many Mesozoic intrusion s in the Basin and Range Province. It consists of monzonites,
quartz monzonites, granodiorites, and granites sharply intruding Mississippian to Triassic
units. Phenocrysts of plagioclase (An38–An24) with oscillatory zoning and albitic rims,
hornblende ± diopside, and biotite are common. Coexisting phases include orthoclase,
quartz and accessory magnetite, apatite, titanite, ilmenite, and allanite. Mineral composi-
tions suggest that the intrusion was emplaced at ∼720 ± 40°C and 1.8–2.3 kbar.

All rocks are metaluminous to slightly peraluminous, defining a calcalkalic trend in
which the monzonites and syenites are shoshonitic. Rare earth element patterns indicate
that all studied rock types are comagmatic. Harker plots show curvilinear trends with
some kinks consistent with fractionation, and mixing/assimilation. Major-element mod-
elling and petrographic evidence suggest three stages of fractionation/mixing: Stage 1
marked by the fractionation of diopside and plagioclase; Stage 2 by fractionation of pla-
gioclase, hornblende ± orthoclase ± biotite, accompanied by mixing through convection;
and Stage 3 by fractionation of biotite, hornblende, plagioclase, and orthoclase.

Mineralogic, petrographic, and major- and trace-element data demonstrate that all
rocks are I-type granitoids, suggesting a significant mantle contribution. Spider diagrams
show troughs for Ti, P, and Nb, indicating magma genesis in a subduction-zone setting.
Discrimination diagrams classify all rocks as late orogenic. Magma was therefore
generated from mantle metasomatized by subduction, differentiated to a monzonitic
magma, and emplaced in the thinned continental crust during a period of extension late
in the cycle of Elko orogeny.

Keywords: Melrose Stock; I-type granitoids; monzonites; granodiorites; granites;
differentiation; thermobarometry; Elko orogeny

Introduction
Granitoids (rocks ranging in composition from diorites to granites) are the most abundant
plutonic rocks in the upper continental crust, especially where it has been thickened by orog-
eny. Despite their relatively simple and uniform mineralogy, these magmas are produced by
a variety of processes that range from partial melting of pelitic+semi-pelitic schists and
gneisses in the deep continental crust to fractional crystallization of mantle-derived, hyper-
sthene-normative basaltic magma (e.g. Chappell and White 1974; Pitcher 1993; Frost
et al. 2001). Accordingly, geochemical analysis for major and trace elements/stable and
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2 A.K. El-Shazly et al.

radiogenic isotopes is one of the main tools used for understanding the origin of granitoids,
and it has played an important role in establishing classification schemes specific to these
rocks (e.g. De La Roche et al. 1980; Pearce et al. 1984; Batchelor and Bowden 1985; Frost
et al. 2001). Because the emplacement of granitoids in the solid upper continental crust
requires some thermal perturbation often associated with plate dynamics, geochemical data
and classification schemes of granitoids have been used for tectonic interpretations (e.g.
Pearce et al. 1984; Maniar and Piccoli 1989; Barbarin 1990; Pitcher 1993; Winter 2010),
leading to the establishment of the locations of former continental margins (e.g. Arm-
strong 1988; Kistler 1990; Miller and Barton 1990), as well as identification of the condi-
tions of magma emplacement (extensional vs. compressional) or the stage within the
orogenic cycle (e.g. Batchelor and Bowden 1985; Pitcher 1993).

The Melrose Stock in the Dolly Varden Mountains of east-central Nevada is one of
several Mesozoic granitoid plutons in the hinterland of the Sevier Belt in the Basin and
Range Province (Figure 1). As such, its formation may have been related to the Elko,
Nevadan, and/or Sevier orogenies (e.g. Condie 1989; Thorman et al. 1992; Levin 2003),

Figure 1. Map showing the location of the Dolly Varden Mountains and the Melrose Stock rela-
tive to other nearby ranges in east-central Nevada.
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International Geology Review 3

and was emplaced in either a compressional (syn-orogenic?) or extensional (post-orogenic?)
regime. Despite its importance in understanding the tectonic evolution of the North American
Cordillera, very little work has been done on this stock. Snow (1963) conducted a field study
of the area and a petrological study of the stock. Sanderson’s (1972) field and petrological
study focused on Fe-oxides and ferromagnesian silicates of the Melrose granitoids to under-
stand the geometric controls on their magnetic properties and using palaeo-magnetism to
detect structural rotation of the stock. In a subsequent study, Sanderson (1974) suggested that
the intrusion was emplaced in two phases: an earlier monzonitic magma and a later more dif-
ferentiated one. Based on analysis of spatial distribution of magnetite and its association coef-
ficient with other minerals, Sanderson (1974) concluded that the late-stage magma was
emplaced more slowly and under more oxidizing conditions compared to the earlier phase of
monzonite emplacement. Miller and Hoisch (1992) carried out a field and petrologic study of
structures, metamorphism, and magmatism in the Pilot and Toano Ranges, northeast of the
Dolly Varden Mountains. Their study led them to identify three Jurassic tectonic provinces in
this part of the Basin and Range: (i) extensional in the east, (ii) modest compression in the cen-
tre, and (iii) extreme shortening to the west. Based on geographic location, Miller and Hoisch
(1992) considered the Dolly Varden Mountains as part of the ‘modest shortening province’.

The age of the Melrose Stock is also uncertain. Armstrong (1963) reported a K–Ar age
of 125 Ma on biotite from a monzonite sample, and concluded that the stock was Early
Cretaceous in age. On the other hand, the tectonic synthesis of Miller and Hoisch (1992)
suggests that the stock is Jurassic, as the Dolly Varden Mountains are located within the
same tectonic province that includes Jurassic plutons comprising the Pilot and Toano
ranges (Figure 1). Zamudio (1993) reported a U–Pb age on zircon from the Melrose Stock
of 165 Ma, supporting a Jurassic age for this intrusion.

From this summary, it is clear that the Mesozoic tectonic history of east-central
Nevada is still controversial, with the debate centring on whether the structures and
plutons developed in extensional or compressional regimes (e.g. Barton 1990; Elison 1991;
Miller and Hoisch 1992). Understanding the petrogenesis of the different plutons in east-
central Nevada is needed to refine our tectonic interpretations. Such petrogenetic inter-
pretations are not possible without a detailed geochemical analysis. In this study, we
present petrographic and geochemical data on the Melrose Stock with the aim of (1)
characterizing and classifying the various rock types constituting this pluton; (2) con-
straining the conditions of its crystallization/emplacement; (3) understanding the petro-
genesis of the various rock types constituting it and the overall evolution of the stock;
and (4) constraining the tectonic settings/environments in which the magma was gener-
ated and emplaced. The results of this study may lead to a better understanding of the Mes-
ozoic tectonic evolution of east-central Nevada, which in turn is essential for a better
understanding of the North American Cordillera.

Geologic setting and field relations
The Dolly Varden Mountains are located 25 miles west of the Utah–Nevada border in
southern Elko County, Nevada, where they form a northward extension of the Schell
Creek and Antelope Ranges (Figure 1). The nearly N–S-trending range with an elevation
of ∼2000 ft is a horst within the Basin and Range Province. The Melrose Stock constitutes
the core of the range, covering an area of approximately 12 square miles. The granitoid
body intrudes Mississippian to Triassic limestones, dolomites, siltstones, and sandstones,
best exposed along its southern margin (Figure 2). Contacts between the intrusive and the sur-
rounding rocks are sharp, with heat-induced alteration represented by a contact metamorphic
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4 A.K. El-Shazly et al.

aureole that rarely exceeds 10 ft in width (Sanderson 1972). Angular xenoliths 1–12 in long
are common and increase in size and abundance towards the north-western margin of the
stock. Tertiary ignimbrites and freshwater sediments overlie all units unconformably on
the northern and eastern margins of the stock, whereas a normal, Basin and Range-type
fault defines its western boundary, though it is covered in part by alluvium (Figure 2;
Sanderson 1972).

The Melrose Stock consists of medium- to coarse-grained, commonly porphyritic
granitoids, which range in composition from syenodiorites to granites. Through hand-
sample and microscopic petrography, Sanderson (1972) subdivided the stock into three
rock types with gradational contacts that do not allow for the unequivocal establishment of
a chronological sequence of crystallization/intrusion (Figure 2). Several small dikes of
medium- to fine-grained leucocratic quartz syenites cross-cut the stock.

Figure 2. Simplified geological map of the Melrose Stock showing the different rock units and
locations of samples studied after Sanderson (1972).
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International Geology Review 5

Analytical techniques
More than 50 granitoid samples were collected from 48 locations that provide a fairly
uniform coverage of the Melrose Stock (Figure 2). Thin sections of these samples were
examined petrographically, and their mineral modes were determined by point-counting
the phases quartz, plagioclase, K-feldspar, amphibole + pyroxene, and biotite, at a magni-
fication of 140× with a total of 1000 point counts per sample. Modal contents of pyroxene,
amphibole, opaque, and other accessory phases were estimated visually. The results
(partly listed in Table 1), when plotted on an International Union of Geological Sciences
(IUGS) classification diagram (e.g. Le Maitre et al. 2002), show the samples clustering in
three main groups – monzonites/quartz monzonites, granodiorites, and granites – with a
few samples plotting as syenites, monzodiorites, and quartz monzodiorites (Figure 3).

Table 1. Modal contents of representative samples from the Melrose Stock.

Pl Kfs Qtz Hb Bt Cpx Opq Ttn Others Texture

Granites
VN-7 40 31 22 3 5 tr 1 tr Ap, Zrn, Aln Porphyritic
VN-8 31 33 24 4 7 0 1 1 Ap, Zrn, Aln, Ep Porphyritic
VN-9 27 37 25 4 5 0 1 tr Ap, Zrn, Rt
VN-11A 38 29 22 3 7 tr 1 1 Ap, Zrn, Chl Porphyritic
VN-16 30 29 27 5 8 tr 1 1 Ap, Aln, Zrn, Chl
VN-23C 32 28 28 3 8 tr 1 1 Ap, Zrn, Bsn
VN-24 35 31 22 6 5 0 1 2 Ap, Zrn, Czo, Aln, Ms, Chl
VN-25 39 26 23 7 5 0 2 2 Ap, Aln, Chl
VN-30A 33 29 24 5 8 0 1 0 Ap, Zrn, Chl Porphyritic
VN-31A 35 26 28 4 7 0 1 tr Ap, Zrn, Aln, Chl Porphyritic
VN-31D 45 20 26 3 5 0 1 0 Ap, Zrn, Aln, Chl
VN-33 48 21 24 5 2 0 1 1 Ap, Rt Porphyritic
VN-33B 32 35 21 3 7 0 1 tr Ap
VN-45B 39 27 22 3 7 tr 1 0 Ap Porphyritic
VN-47A 30 26 27 5 10 0 1 0 Ap, Zrn
Granodiorites
VN-12B 45 19 26 3 7 0 1 1 Ap, Aln, Bsn, Chl
VN-29 43 18 23 4 10 0 1 tr Ap, Zrn, Aln, Chl, Ep
VN-30 43 21 23 4 7 0 2 tr Ap, Zrn, Aln, Chl, Cc Porphyritic
VN-34 46 21 20 5 7 0 1 tr Ap, Mnz, Aln, Bsn Porphyritic
VN-40B 46 24 21 3 6 0 Porphyritic
Monzonites/Qz monzonites
VN-2A 34 38 9 9 4 8 1 tr Ap, Bsn, Zrn Cumulate
VN-2B 38 36 8 15 2 0 1 tr Ap, Bsn, Zrn Cumulate
VN-5 32 40 9 13 5 0 1 1 Ap, Aln, Zrn, Ep, Chl Cumulate
VN-19 32 55 4 6 3 0 1 2 Ap, Zrn, Aln, Rt Cumulate
VN-20 35 42 2 8 6 7 1 0 Ap, Aln Porphyritic
VN-21B 24 47 9 14 6 1 2 tr Ap, Zrn, Bsn Porphyritic
VN-22C 35 50 1 11 2 0 1 2 Ap, Zrn, Aln, Rt Porphyritic
VN-22B 34 44 3 14 3 0 1 1 Ap, Zrn, Aln Porphyritic
VN-26 35 33 1 15 13
VN-32 31 47 5 7 6 3 1 1 Ap, Zrn, Aln Cumulate
VN-41 43 39 4 8 2 5 2 0 Ap, Zrn, Aln, Ep
VN-44 52 9 1 6 15 15 1 tr Ap, Aln, Ep, Chl Porphyritic
Syenite dike
VN-15C 14 71 8 6 1 0 1 2 Ap, Zrn, Ep, Chl

Notes: All abbreviations after Kretz (1983), except Opq: opaque phases, Bsn: bastnäsite-Ce.
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6 A.K. El-Shazly et al.

Five samples (two monzonites, one granodiorite, and two granites) were selected for
microprobe work. Mineral analysis was carried out at Marshall University using a JEOL
JSM-5310 LV scanning electron microscope (SEM) equipped with a Link Pentafet ultra-thin
window (UTW) energy dispersive spectroscopy (EDS) detector. Analytical conditions
were 20 kV operating voltage, 95 mA condenser lens current, a working distance of
20 mm, and a beam size of 2 μm. Beam current intensity was monitored on pure Co, with
a calibration performed every 2 h maintaining a count rate of 26–27 kcps and a dead time
of ≤25%. Standardization was performed on well-characterized Smithsonian Institution
standards, all mounted on the same sample holder. Standards included microcline (Si, K,
Al), scapolite (Na, Al, Cl), Kakanui hornblende (Ti), diopside (Ca, Mg), chromite (Cr),
and Johnstown hypersthene (Fe, Mn). These and additional standards (e.g. Kakanui augite
and Lake County plagioclase) were routinely analysed as unknowns to check on the quality of
the analyses. Analytical results were processed using LINK ISIS 3.1 software and a ZAF
correction. Precision is estimated at 1–2% for all oxide weight per cent values. Mineral
formulae were calculated using MINFILE (Afifi and Essene 1988) or MinFormula (Tindle
2000) on the basis of 8, 6, 17, and 22 oxygens for feldspars, pyroxenes, pyriboles, and
biotite, respectively. Amphibole structural formulae were calculated on the basis of 13
cations less Na, K, and Ca using AMPHIBOL (Richard and Clarke 1990).

Thirty samples representative of the different rock types were selected for whole-rock
chemical analysis. The samples were pulverized in a tungsten carbide mill, and the loss on
ignition was determined by heating 3 g of the powders in porcelain crucibles in a muffle
furnace at 850°C for 3 h and re-weighing after cooling in a desiccator. For major-element
analysis, the powders were mixed thoroughly with 1:2 lithium metaborate–lithium tetrabo-
rate flux and fused in graphite crucibles in a muffle furnace at 1000°C. The beads were then

Figure 3. Modal analysis results for 27 samples plotted on the quartz–alkali feldspar–plagioclase
feldspar ternary diagram following the IUGS classification (Le Maitre et al. 2002).
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dissolved in H2SO4 following the ‘single-solution’ method (e.g. Ingamells 1966; Suhr and
Ingamells 1966; Shapiro 1975). For trace-element analysis, the powders were dissolved in
polytetrafluoroethylene (PTFE) beakers with HNO3 and HF overnight, dried, and the resi-
due dissolved in HCl (acid digestion technique; e.g. Briggs 2002). Major- and trace-ele-
ment analyses were carried out using a Liberty 110 inductively coupled plasma-atomic
emission spectrometer (ICP-AES) from Varian Inc. at Marshall University, after calibra-
tion with US Geological Survey (USGS) standard GSP-1. Standards (GSP-1, AGV-1, and
G-2) were routinely analysed as unknowns to check for accuracy, and appropriate correc-
tion factors were applied when necessary. Sixteen of the 30 samples analysed were
selected for the analysis of trace and rare earth elements (REEs) by inductively coupled
plasma-mass spectrometry (ICP-MS) at Acme Labs (Vancouver, Canada). Precision for
major-element data is 1% or better (usually <0.6%), 1–2% for trace elements, and <3% for
REE. Accuracy (estimated from analysing standards) is estimated at 2% or better for major
elements, and 7% or better for trace elements.

Petrography and mineral chemistry
Based on Sanderson’s (1972) map (Figure 2) and his modal analysis of more than 50 samples,
the samples analysed in this study are classified as monzodiorites, monzonites, and quartz
monzonites (herein termed collectively as ‘monzonites’), granodiorites, and monzogranites
(herein termed ‘granites’) according to the IUGS classification (Le Maitre et al. 2002;
Figure 3; Table 3). The monzonites have 30–43% plagioclase, 9–55% K-feldspar, 1–9%
quartz, 0–15% clinopyroxene, 6–15% hornblende, and 2–15% biotite, and are always
characterized by hornblende + clinopyroxene > biotite. Texturally, these coarse-grained
rocks are either porphyritic with phenocrysts of plagioclase ± clinopyroxene/hornblende,
or cumulates with cumulus plagioclase ± clinopyroxene/hornblende and intercumulus
biotite, K-feldspar, quartz, titanite ± allanite. The granodiorites contain 43–46% plagi-
oclase, 18–24% K-feldspar, 20–25% quartz, 2–5% hornblende, and 5–10% biotite,
whereas the granites contain 27–48% plagioclase, 30–35% K-feldspar, 20–28% quartz, 3–7%
hornblende, 5–10% biotite, and occasional traces of clinopyroxene. Both rock types are
either porphyritic with phenocrysts of plagioclase ± K-feldspar, or equigranular hypidio-
morphic, but always have more biotite than hornblende. Apatite, haematite, ilmenite, and
magnetite are ubiquitous, with the latter two minerals constituting 1–2% of the mode.
Titanite, zircon, and allanite are very common accessory minerals, whereas rutile and epidote
are rare. Secondary minerals include sericite, epidote, and calcite after feldspars, chlorite
after biotite, and bastnäsite-Ce after allanite.

Feldspars
In the monzonites, plagioclase occurs as phenocrysts and finer-grained matrix crystals, or as
coarse-grained cumulus crystals. Most phenocrysts have small anorthite-rich (An53–An58)
cores, thick mantles with characteristic oscillatory zoning (typically between An22 and
An38), and significant rims of almost pure albite. Cumulus plagioclases show occasional
oscillatory zoning, are characterized by thick rims of albite, or occur included in K-feldspar
oikocrysts. In the granites and granodiorites, plagioclase phenocrysts (An18–An36; average
An30) have similar textures to those in the monzonites (Figures 4a and 5), but are often
characterized by intermediate ‘dusty/sieve-textured’ zones, ∼100 μm thick with abundant
inclusions and significant saussuritization. In all rock types, matrix plagioclases are
unzoned, sometimes displaying a myrmekitic texture along their rims.
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8 A.K. El-Shazly et al.

Potassium feldspar appears mostly as anhedral to suhedral pokilitic crystals with
inclusions of plagioclase and biotite. Its intergrowth with quartz in some samples gives
rise to a granophyric/microgranophyric texture. Almost all K-feldspars display a perthitic
to micro-perthitic texture, with plagioclase stringers (XAb = 0.78–0.99) constituting 15–26%
by volume of the entire crystal (host composition: XAb = 0.06–0.29; Table 2; Figure 4b).
In general, plagioclase stringers are slightly more sodic in granites compared to monzonites. In
the granites and granodiorites, K-feldspar is more strongly affected by argillic alteration
than coexisting plagioclase.

Figure 4. Selected textural relations: (a) plagioclase crystal showing oscillatory zoning, sample
VN-7, crossed polarizers (Xpl); (b) backscattered electron image (BSEI) of alkali feldspar with
perthitic texture, VN-5; (c) diopside (Cpx) partially rimmed by allanite (Aln), VN-44, Xpl; (d) diopside
crystal with an inclusion of biotite, and a thick rim with abundant inclusions of Fe-oxides (schiller-like
structure), VN-5A, plane-polarized light (ppl); (e) diopside rimmed by hornblende, VN5A, ppl; (f)
BSEI of hornblende (Hb) surrounding jimthompsonite (Jt), VN-5A.
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International Geology Review 9

Pyroxenes and amphiboles
Pyroxene is almost exclusively restricted to the monzonites/quartz monzonites, where it
occurs as phenocrysts or cumulus crystals often mantled by hornblende or allanite
(Figure 4c). In some samples, pyroxenes are characterized by clear cores surrounded by
thick rims rich in inclusions/(exsolution lamellae?) of Fe-oxides giving rise to schiller-
like/opacite-like structures commonly described for hornblende (e.g. Jakeš and White
1972; Figure 4d). Compositionally, these pyroxenes are mostly diopsides according to
Morimoto et al. (1989) with a ‘quad’ component of 81–86%, a sodic component
(jadeite+aegirine) of 6–13%, and XMg = 0.82–0.96. All crystals are homogeneous with
the exception of the opacite-like rims, which are less magnesian (XMg = 0.73–0.82) and
less calcic (Table 3).

Amphibole is ubiquitous, occurring as coarse-grained crystals that enclose apatite,
Fe-oxides ± plagioclase ± titanite ± biotite ± K-feldspar. In a few samples (mainly
monzonite), amphibole occurs as a cumulus phase (e.g. VN-19) or as phenocrysts (e.g.
VN-41), often mantling diopside or jimthompsonite (Figure 4e and f). Compositionally,
almost all amphiboles are magnesiohornblendes according to the classification of Leake et al.
(1997), and are characterized by Aliv ∼ 0.8 ± 0.4, and XMg ∼ 0.72 ± 0.04 (Table 4). A few
hydrothermally altered granites (e.g. VN-9) are characterized by edenitic cores rimmed by
actinolite (Aliv = 0.3–0.4; XMg = 0.78–0.9; Table 4). In many samples, magnesiohornblende is
partially to completely altered to actinolite, oxychlorite, calcite, haematite ± epidote.

Figure 5. Zoning profile taken (a) along and (b) across a plagioclase crystal, VN-33.
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Biotite
Biotite occurs as medium- to coarse-grained crystals containing inclusions of apatite,
magnetite, and ± zircon. It is typically more abundant in granites than coexisting hornblende,
but in monzonites hornblende is usually more abundant (Table 1). In a few samples,
biotite occurs as phenocrysts with hornblende and plagioclase (e.g. VN-44, VN-45). In
altered samples, biotite is partially replaced by chlorite ± titanite/leucoxene ± Fe-oxide
along its rims, but is generally less affected by alteration than the coexisting hornblende.
Textures suggest that biotite crystallized later than hornblende and diopside in most samples,
as attested to by coronas of biotite+Fe-oxide symplectites surrounding hornblende and
diopside (Figure 6a and b). However, simultaneous crystallization of biotite, hornblende,
and diopside in some monzonites (e.g. VN-20, VN-44) is supported by symplectic inter-
growths and inclusion relations (Figures 4d, e and 6c). Compositionally, all biotites are
Mg-rich (XMg = 0.58–0.65) with Aliv = 2.1–2.4 on the basis of 22 oxygens per formula
unit. The Tivi content of biotite is typically higher in the granites than in the monzonites and
granodiorites (0.42–0.56 vs. 0.38–0.43, respectively; Table 5). Chlorine concentration ranges
from 0.27 to 0.55 wt.%, with the highest values recorded in biotite from the monzonites.

Other minerals
The pyribole jimthompsonite (Table 5) occurs in some monzonite samples as polycrystalline
masses of pale yellow, weakly pleochroic crystals with moderate relief, that appear to
have replaced another mineral typically rimmed by hornblende (Figures 4f and 6d).
Because diopside rimmed by hornblende occurs as pristine crystals in the same samples
that contain jimthompsonite, we interpret the latter to have formed after orthopyroxene (cf.
Jenkins 2009). Chlorine-rich apatite (chlorapatite?) and titanite are ubiquitous accessories,
with the latter occurring as intergranular primary crystals (Figure 6e) or as a secondary
phase forming at the expense of ilmenite (Figure 6f). Both generations of titanite are overall
similar chemically (Table 6), although the primary titanite has higher Nb ± Zr, whereas the
secondary variety is slightly more enriched in Fe. Allanite and zircon are quite common in
most samples, usually occurring as sizeable intergranular phases (Figure 6g and i). In
addition, zircon crystals are resorbed, and may be zoned as indicated by very subtle varia-
tions in average atomic number (Figure 6i and j). Magnetite and ilmenite are ubiquitous,
usually concentrating along the rims of diopside, hornblende ± biotite. Titanhaematite
(Xilm ≤ 0.35; Table 6) commonly replaces ilmenite along its rims. Rutile is rare, occurring
in a few samples where it appears to have formed with titanhaematite at the expense of
ilmenite (Figure 6h). Clinozoisite/epidote, calcite, and bastnäsite-Ce are rare secondary
minerals that formed at the expense of plagioclase and allanite, respectively.

Figure 6. Selected textural relations: (a) diopside with ‘opacite’-like rims showing schiller-like
texture partially rimmed by a symplectite of biotite + Fe-oxides, VN-5A, ppl. (b) Diopside rimmed
by hornblende partially overgrown by coarse-grained biotite, VN-2, ppl. (c) Symplectitic inter-
growth between hornblende and biotite, VN-22, ppl. (d) Jimthompsonite (Jt) crystals in the core of
hornblende, VN-19, ppl. Jimthompsonite is interpreted to have deuterically replaced orthopyroxene
that was magmatically mantled by hornblende. (e) Intergranular crystals of ‘primary’ titanite and
zircon surrounded by feldspars and quartz, VN-5, ppl. (f) Secondary titanite forming at the expense
of ilmenite, VN-5, ppl. (g) Skeletal crystals of allanite partially enclosing orthoclase and apatite,
VN-22, ppl. (h) BSEI of ilmenite (Ilm)-titanhaematite (Hem)-rutile (Rt) relations, VN-33. (i) BSEI
of zircon with dissolved cores and subtle zoning (?), VN-2. (j) Zircon crystal with embayed outlines,
partially dissolved core, and subtle zoning; VN-33.
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Geochemistry
The analysed samples are characterized by average SiO2 contents of 68 wt.% ± 1.2 for granites
and 58.8 wt.% ± 2.2 for monzonites, average Al2O3 contents of 17.19 wt.% ± 0.97 for mon-
zonites and 14.74 wt.% ± 0.43 for granites, and average MgO contents of 1.55% ± 0.19 in
granites to 2.46 wt.% ± 0.98 in monzonites (Table 7). On the total alkali–silica diagram of Cox
et al. (1979), the ‘monzonites’ and ‘quartz monzonites’ plot in the syenodiorite, syenite, and
monzonite fields, the ‘granites’ and ‘granodiorites’ plot in the granite and quartz diorite fields,
whereas the dikes are syenitic, consistent with Sanderson’s (1972) petrographic analysis.
Almost all samples are quartz- and hypersthene-normative; only VN-20 and VN-44 show nor-
mative olivine.

Based on Frost et al.’s (2001) three-tier major-element classification scheme, all
samples are magnesian, calcalkaline, and either metaluminous or mildly peraluminous
(Figure 7). All mildly peraluminous samples (characterized by alumina saturation index
and A/CNK [Al2O3/(CaO + Na2O + K2O)] >1 but <1.2) were collected from the
margins of the pluton (Figures 2 and 7c). On the SiO2–K2O plot of Peccerillo and
Taylor (1976), the monzonites are shoshonitic whereas the granites and granodiorites
are high-K calcalkalic (Figure 8).

Harker-type variation diagrams for MgO, FeOt, TiO2, CaO, V, Y, La, and Ce all
show near-continuous trends (save for a gap between 62 and 65 wt.% SiO2) with
negative slopes, with some clustering of data points for the SiO2-rich granites and
granodiorites (Figures 9 and 10). On the other hand, plots of Al2O3, Na2O, K2O, Sr
and Ba versus SiO2 show two distinct trends (exclusive of the cumulate samples VN-
44 and VN-26): a positive correlation displayed by the monzonites and a negative cor-
relation/distinct cluster displayed by the granodiorites and granites (Figures 9 and 10).
On REE plots, all samples show light rare earth element (LREE)-enriched patterns
with slight negative Eu anomalies. This REE enrichment is 10–100 times relative to
chondrite values, and is highest for the monzonites (Figure 11).

P–T–fO2 conditions of magma crystallization and emplacement
Thermobarometric results
Pressure and temperature conditions of crystallization/mineral equilibration in rocks are
typically calculated from the application of several experimentally constrained thermoba-
rometers. Anderson (1996) summarized the applicability of several geothermobarometers
to granitic batholiths and their potential pitfalls. Whereas temperatures of crystallization
or mineral equilibration in the Melrose Stock may be constrained by applying several
well-calibrated geothermometers (e.g. two-feldspar geothermometer, Stormer 1975; Fuhr-
man and Lindsley 1988; magnetite-ilmenite thermometer, Buddington and Lindsley 1964;
Spencer and Lindsley 1981; zirconium saturation thermometer, Watson and Harrison
1983; quartz-titanite-magnetite thermometer, Wones 1989; and hornblende-plagioclase
thermometer, e.g. Holland and Blundy 1994), pressures can only be calculated using the
‘Al-in-hornblende’ geobarometer (e.g. Hammarstrom and Zen 1986; Hollister et al. 1987;
Johnson and Rutherford 1989; Anderson and Smith 1995).

Application of the two-feldspar geothermometer to the quartz monzonite samples VN-2
and VN-5 at P = 2.2 kbar (see below) using program ‘Solvcalc’ (Wen and Nekvasil 1994),
after re-integration of the albite stringers of perthite into their host K-rich alkali feldspar
yields temperatures of 780–820°C or 750–765°C, using the solution models of Elkins and
Grove (1990) or Fuhrman and Lindsley (1988), respectively. The granitic sample VN-33
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yielded higher temperatures (820–830°C) using these two models (Table 8). Application
of the zircon saturation thermometer of Watson and Harrison (1983) to the bulk rock compo-
sitions of all analysed samples yields temperatures of 806 ± 48°C, 789 ± 21°C, and 809 ± 18°C
for the monzonites, granodiorites, and granites, respectively, and 890°C for the syenitic dike
VN-15. These temperatures are typically slightly higher than those obtained through the
application of the two-feldspar geothermometer for the same sample (802 vs. 760°C for
VN-2; and 853 vs. 820°C for VN-5; Table 8).

The magnetite-ilmenite thermometer of Spencer and Lindsley (1981) can only be applied
to samples that have not been affected by post-crystallization oxidation, hydrothermal
alteration, or weathering. Among the five samples selected for microprobe analysis, VN-33,
VN-34, and VN-9 show clear evidence of subsolidus oxidative breakdown of ilmenite to titan-
haematite and rutile (Figure 6h), giving rise to textures similar to those of stages R3–R5 (e.g.
Haggerty 1991; Lindsley 1991). Applying the Spencer and Lindsley (1981) thermobarometer
to a single magnetite crystal with XUsp = 0.08 and ilmenite with average Xilm of 0.88 in VN-5
(XHm = 0.09–0.11; Table 6) yields a T of 680°C and log fO2 = −15. Using the ilmenite-haem-
atite solvus at the Ni–NiO buffer of Lindsley (1991), the haematite content of ilmenite in VN-
5 yields a temperature of 850°C. Application of the activity-corrected equilibrium between
quartz, titanite, magnetite, clinopyroxene, and ilmenite (Wones 1989; Anderson 1996), using
the ideal mixing on sites model for activity calculations, yields fO2 values in the range 10−13.5

to 10−8.8 between P and T conditions of 700°C, 1 kbar, and 850°C, 2.2 kbar, respectively,
indicating conditions about 3.75 log units above the Ni–NiO buffer.

The Al-in-hornblende barometer is suitable for calculating pressures for calcalkalic rocks
with the assemblage hornblende (Fe3+/(Fe3+ + Fe2+) > 0.25, Xmg > 0.35), plagioclase
(XAn = 0.25–0.35), biotite, K-feldspar, and primary titanite and magnetite or ilmenite, that
crystallized at T < 800°C, and fO2 conditions at or above the Ni–NiO buffer (Anderson
and Smith 1995). Although all five samples selected for microprobe analysis fulfil these
criteria, samples VN-9 and VN-33 show evidence of hydrothermal alteration that has
resulted in the formation of significant amounts of actinolite along the rims of hornblende.
Application of this barometer in conjunction with the plagioclase-hornblende thermometers of
Holland and Blundy (1994) to samples VN-2, VN-5, and VN-34 yields an optimum P of
1.8–2.3 kbar at T of 680–760°C (Anderson and Smith 1995). Table 8 lists the results
obtained from the application of the various thermobarometers discussed above.

Interpretation of P–T–fO2 data
The apparent discrepancy in the temperatures obtained for the same sample using different
thermobarometers is to some extent expected, given the duration over which the magma
cooled and crystallized, and the variety of factors that may have interfered with the minerals
equilibrating at a unique temperature. Nevertheless, P–T conditions of emplacement of the
stock can be estimated with some confidence, as long as they are consistent with field and
petrologic constraints. The occurrence of two separate feldspars in these rocks indicates

Figure 7. (a) SiO2 versus FeOt/(FeOt + MgO); line marks the boundary between ferroan and mag-
nesian granites according to Frost et al. (2001). (b) SiO2 versus modified alkali lime index of Frost
et al. (2001); curves mark boundaries between alkalic, alkali-calcic, calc-alkalic, and calcic fields.
(c) SiO2 versus alumina saturation index (ASI) of Frost et al. (2001). Note that all labelled samples
plotting as ‘low peraluminous’ (ASI > 1) are from the margins of the pluton, and are interpreted to
have been affected by assimilation of pelitic country rocks.
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Figure 8. SiO2 versus K2O plot of Peccerillo and Taylor (1976), showing Melrose granitoids as
high K calc-alkaline to shoshonitic. Symbols are as in Figure 3.
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that the stock is at least mesozonal, implying depths of emplacement in excess of ca.
5 km. On the other hand, textural relations between iron oxides and rutile (Figure 6h) that
are similar to stages R3–R4–R5 of the oxidative breakdown of ilmenite to rutile +
haematite indicate minimum temperatures of 600°C (Haggerty 1991; Lindsley 1991). The
occurrence of jimthompsonite in some samples is also consistent with these results, as sim-
ilar pyriboles form at T of 600°C or less, typically at the expense of enstatite, diopside, or
anthophyllite (Schumacher and Czank 1987; Ams et al. 2009; Jenkins 2009).

Zirconium saturation thermometry is designed to constrain liquidus temperatures,
and assumes that there was no inherited zircon in the magma (Watson and Harrison
1983). Although the zircon crystals observed in the Melrose Stock samples are
typically intergranular, some are characterized by resorbed edges, dissolved cores, and
possible growth zoning (Figure 6i and j). These disequilibrium textures, which are more
common in the monzonites, lead us to conclude that Zr saturation temperatures in these
rocks can only be considered maximum estimates for the crystallization of the Melrose
Stock, as some zircons may indeed have been inherited.

Figure 10. Trace-element variation diagrams. Symbols are as in Figure 3. All concentrations are in ppm.
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Temperatures calculated using the ulvospinel content of magnetite are fraught with
significant uncertainty given that most magnetites are characterized by very low XUsp (typically
0; Table 6). On the other hand, the use of the ilmenite-haematite join of Lindsley (1991)
alone for temperature estimation requires a priori knowledge of fO2. Although it is reasonable
to assume that fO2 conditions were constrained by the Ni–NiO buffer (given that the rocks
belong to the magnetite series of Ishihara (1977)), higher values of fO2 are equally likely,

Figure 11. Chondrite normalized rare earth element diagram for select Melrose Stock samples.
Symbols are as in Figure 3. Normalization values are from Sun and McDonough (1989).
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Table 8. Results of thermobarometry.

Sample Zr sat. Ta 2 feldspar Mgt-Ilmb Ilm-Hmc Hb-Plg Pd (kbar)

VN-5 853 759–765e 650 850 680–780f 2.2
780–830g 660–810h 0.3–1

VN-2 802 750–780e <600 650 790–810f 1.2–2.2
785–790g 700–720h 2.2–2.4

VN-34 805 645e 620–650 580–670f 1.7–1.9
670g 580–690h

VN-33 750–760e NA 635–765f 0.6–1.1
730–745g 675–720h 0.6–1.1

VN-9 805 630e NA NA 635f 1–2.2
645g 720h

Notes: aWatson and Harrison (1983); bT based on ulvospinel content of magnetite, Spencer and Lindsley (1981);
cT based on Xilm at NiNiO buffer, Lindsley (1991); dP estimated using the Al-in-hornblende barometer of Ander-
son and Smith (1995); eFuhrman and Lindsley (1988); fedenite + quartz = tremolite + albite, Holland and Blundy
(1994); gElkins and Grove (1990); hedenite + albite = richterite + anorthite, Holland and Blundy (1994).
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and will result in lower T estimates, leading us to conclude that the T of 850°C obtained
for VN-5 (Table 8) is only a maximum temperature.

Although the temperatures obtained from the application of two-feldspar thermometry are
broadly consistent with those calculated using hornblende-plagioclase/Al-in-hornblende ther-
mobarometry, we consider this to be fortuitous, since the former constrains temperatures of
crystallization (having relied on anorthite-rich cores and integrated alkali feldspar compo-
sitions), whereas the latter constrains the conditions of emplacement (having utilized average
plagioclase and hornblende rim compositions). Because temperatures obtained using the
Elkins and Grove (1990) solution models for the two-feldspar thermometer are closer to
Zr saturation temperatures, this formulation is favoured, and leads us to conclude that
crystallization of the monzonite-quartz monzonite magma began at T of ∼800°C at
P > 2.3 kbar. Oxygen fugacity conditions prevailing during crystallization (and emplacement?)
of this stock are estimated at ∼3.75 log units above the Ni–NiO buffer as constrained by
the application of the titanite-quartz-magnetite-clinopyroxene-ilmenite equilibrium of
Wones (1989). These relatively high fO2 values are consistent with the high REE content
of ‘primary’ titanite (e.g. Piccoli et al. 2000), evidenced by their energy dispersive spectra
and their low major oxide totals (Table 6).

Pressure–temperature conditions of emplacement of the same magma are estimated at
680–780°C and 1.5–2.3 kbar based on hornblende-plagioclase and Al-in-hornblende ther-
mobarometry (Holland and Blundy 1994; Anderson and Smith 1995; Table 8). Lower P–T
conditions obtained for samples VN-34, VN-33, and VN-9 are considered highly suspect,
given that these samples were affected by hydrothermal alteration. On the other hand, if
the syenite dike represents a Zr saturated melt extracted from a crystal mush deeper than
the stock, it may have crystallized at T close to 890°C. These results are considered
preliminary, as more mineral analysis is needed to constrain the conditions of crystalliza-
tion and emplacement of the more differentiated rock types, and identify any inter-pluton
variations in P–T–fO2 conditions.

Petrogenesis of the Melrose Stock
Major- and trace-element modelling
The nearly continuous trends displayed by most major- and trace-element variation diagrams
(Figures 9 and 10) lead to the suggestion that all rock types of the Melrose Stock are cogenetic.
This interpretation is strongly supported by the REE and spider diagrams (Figures 11 and 13),
which indicate that all rocks evolved from the same magma in the same tectonic environment.
The overall curvilinear trends on the MgO, FeOt, CaO, and TiO2 versus SiO2 variation
diagrams are consistent with the fractional crystallization of mafic minerals, whereas the sharp
kinks in the Al2O3, Na2O, and K2O variation diagrams (Figure 9) are best explained by the late
fractionation of alkali feldspars. These fractionation trends can therefore be tested by model-
ling, provided that the compositions of the initial magma, proposed fractionating phases, and
final differentiation product are reasonably known or estimated. This requires the identification
of the least- and most-differentiated samples within the stock.

Many methods have been proposed for identifying how differentiated a rock is (cf.
Cox et al. 1979; Winter 2010 for review). In this study, we used a combination of Larsen’s
index (Larsen 1938), the solidification index (Kuno 1959), the differentiation index
(Thornton and Tuttle 1960), and the normative felsic index [100(ab + or)/(ab + or + an)].
Values of these indices show that sample VN-7 is the most differentiated (having one of
the lowest solidification index values, highest Larsen index, and a high normative felsic
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index), whereas VN-26 and VN-45 are the least differentiated (Table 7; Figure 12a).
Because the latter two samples are characterized by cumulus textures, neither one is
considered a suitable representative of the parent magma. Instead, samples VN-41 and
VN-42 seem more appropriate choices, despite having a porphyritic texture with phenocrysts
of hornblende and plagioclase. VN-42 was therefore selected to represent the parent
magma because of its location on most variation diagrams and its higher solidification
index compared to VN-41 (Table 7; Figure 12a).

Figure 12. (a) Plot of solidification index (100 × MgO/(MgO + Fe2O3 + Na2O + K2O)) versus
Larsen index (1/3SiO2 + K2O – MgO – CaO – FeOt). Symbols are as in Figure 3. Arrows designate the
differentiation trends discussed in text. Dashed oval encloses some of the samples from the margin of
the stock most affected by assimilation. (b) Logarithmic plot of Y versus Rb. Symbols are as in
Figure 3. Vectors designate the three stages of differentiation discussed in the text. Results of trace-
element modelling are also indicated schematically, where Stage 1 marks the fractionation of 24%
Cpx, 3% Pl, and 3% Hb; Stage 2 that of 25% Bt, 19% Hb, 6% Pl, and 6% Kfs; and Stage 3 of 20%
Hb, 16% Bt, 2% Pl, and 2% Kfs. Every tick mark on mineral vectors represents 10% crystallization.
(c) Logarithmic plot of Sr versus Rb. Symbols are as in Figure 3. Vectors designate the three stages of
differentiation discussed in text. Results of trace-element modelling are also indicated schematically,
where Stage 1 marks the fractionation of 33% Cpx, 15% Pl, and 2.5% Hb; Stage 2 that of 40% Bt,
25% Hb, and 35% Pl; and Stage 3 of 12% Hb, 17% Bt, and 20% Pl. Every tick mark on mineral vec-
tors represents 10% crystallization.
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Major-element modelling was carried out with Petrograph (Petrelli et al. 2005), which
uses the mass balance algorithm of Stormer and Nicholls (1978). Cumulus minerals and
phenocrysts in monzonites were selected as the fractionating phases, and their compositions
were constrained from SEM analysis (Tables 2–6). All major- and minor-element oxides
were included in the algorithm except P2O5, given the low sensitivity of the ICP detecting
the 213.618 nm line for P and the subsequent analytical uncertainties. Results of modelling
were considered acceptable if the sum of the squared residuals (SSR) reflecting the differences
between the compositions of the initial magma on one hand and the fractionating phases + the
final product on the other is <1.

All attempts at modelling the differentiation of a parent magma represented by VN-42
to a final product represented by VN-7 through one-step fractionation of pyroxene, horn-
blende, plagioclase ± biotite ± magnetite ± ilmenite ± titanite failed, either by yielding
high SSR values (∼9–10) or by requiring the addition of hornblende ± titanite. On the other
hand, kinks on a plot of the solidification index versus Larsen index, variation diagrams, and
trace-element bivariate plots (Figures 9, 10, and 12) are indeed consistent with the parent
magma having undergone more than one stage of fractionation. In fact, plots of K2O and
Na2O versus SiO2, and Rb versus Sr and Y, all show three discrete ‘segments’, each of
which possibly represents a distinct stage of fractionation (Figure 12), namely: (1) from
VN-42 to a cluster of data points including VN-19, VN-21, and VN-20, (2) from the ‘VN-19
data cluster’ to another cluster including VN-9, VN-25, VN-47, etc.; and (3) from the
‘VN-9 cluster’ to VN-7. Testing this three-stage evolution (VN-42 → VN-19 → VN-
9 → VN-7) through major-element modelling using actual analyses of feldspars, diopside,
hornblende, biotite, and K-feldspar from samples VN-2 and VN-5 suggests that Stages 1–3
were accomplished through the fractionation of clinopyroxene + plagioclase, hornblende
+ K-feldspar + plagioclase, and plagioclase + hornblende + K-feldspar+biotite, respec-
tively (Table 9). Although these results are broadly consistent with petrographic observa-
tions, the value of SSR for Stage 2 is too high to be acceptable (4.59), and the total amount
of fractionating biotite calculated by this model (<2%) is unrealistically small, given that
this mineral is a common phenocryst in some monzonites.

Attempts to model the three-segment trends on the logarithmic bivariate plots of Rb
versus Y and Sr versus Rb were carried out using FC-Modeler (Keskin 2002) and partition
coefficients (Kd) for intermediate magmas compiled by Keskin (1994). The results are only
broadly consistent with those obtained by major-element modelling, suggesting an early
stage of fractionation of clinopyroxene > plagioclase, followed by a stage of fractionation
of biotite > hornblende > plagioclase, and a third stage involving the fractionation of plagi-
oclase, hornblende, and biotite, possibly in sub-equal amounts (Table 9). Although the
results of trace-element modelling are more realistic than those of major-element modelling,

Table 9. Results of major- and trace-element modelling.

Stage 1 Stage 2 Stage 3

VN-42 → VN-19 VN-19 → VN-9 VN-9 → VN-7
Major 12% Cpx, 11% Pl 15% Pl, 21% Hb, 40% Kfs 9% Pl, 6% Hb, 0.25% Bt, 2% Kfs
SSR 0.57 4.59 0.5
Rb-Y 24% Cpx, 3% Pl, 6% Pl, 19% Hb, 6% 2% Pl, 20% Hb, 16%

3% Hb Kfs, 25% Bt Bt, 2% Kfs
Sr-Rb 33% Cpx, 15% Pl, 35% Pl, 25% Hb, 20% Pl, 12% Hb,

2.5% Hb 40% Bt 17% Bt

Note: SSR, sum of the squared residuals.
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there are still major problems as well as significant discrepancies between the Rb–Y and
Sr–Rb models. Whereas some discrepancies may be due to the use of inappropriate Kd
values, particularly when the fractionating plagioclase and the magma are known to
change in composition through the three stages, the amount of fractionating phases sug-
gested for Stage 2 is unrealistically high (56–100%, Table 9). This suggests that a differ-
entiation mechanism other than fractional crystallization should be explored to account for
the evolution of the magma during Stage 2.

The oscillatory zoning displayed by most coarse-grained plagioclase crystals in nearly
all samples and the resorbed nature of some of these zones are similar to Type II zoning of
Pearce and Kolisnik (1990), which indicates disequilibrium between some of these zones
and the magma. Opacite-like rims on diopside are also indicative of disequilibrium (e.g.
Jakeš and White 1972). Disequilibrium responsible for these two textures is typically
attributed to changes in PH2O due to cyclic eruptions (e.g. Loomis 1982), local changes
accompanying crystallization (e.g. Piccoli et al. 2000), or injection of hot magma into a
cooling and crystallizing magma chamber (e.g. Tepley et al. 1999; Winter 2010). Because
there is no evidence to support any of these scenarios in the Melrose Stock, we suggest
that oscillatory zoning in feldspars and opacite-like rims on diopside developed through
the interaction of these phenocrysts with more differentiated liquids within the same magma
chamber. We argue that such interaction was brought about by the stratified nature of the
magma chamber, followed by the onset of convection, leading to the entrainment of plagi-
oclase and diopside phenocrysts through the compositionally distinct layers with which they
had not equilibrated (e.g. Blundy and Shimizu 1991). This would account for the curvilinear
segments representing Stage 2 on logarithmic trace-element bivariate plots (Figure 12b and c),
which are typically interpreted as indicative of ‘mixing’ (e.g. Keskin 2002).

Tectonic setting of magma generation and emplacement
Major- and trace-element compositions of igneous rocks are commonly used to identify the
origin and tectonic setting of their magmas with the help of spider and discriminant diagrams
(e.g. Pearce et al. 1984; Maniar and Piccoli 1989; Sun and McDonough 1989). Spider dia-
grams of normal mid-oceanic ridge basalt (N-MORB)-normalized trace-element concentra-
tions for the Melrose Stock samples show relatively high values for incompatible large-ion
lithophile elements (LILEs), a clear spike for the high-field-strength elements (HFSEs) Th
and U, and significant troughs for Nb, P, and Ti (Figure 13a). Plots of the same concentra-
tions normalized to ocean ridge granites (ORG) on the spider diagram of Pearce et al. (1984)
show LILE enrichment, a double spike for Rb and Th, and smaller humps for Ce and Sm
(Figure 13b), a pattern very similar to those shown by some volcanic arcs (e.g. Chile; Pearce
et al. 1984). On the other hand, all samples from the Melrose Stock plot as ‘within-plate
granites’ on the trace-element discriminant diagrams of Pearce et al. (1984), despite the fact
that their Y and Yb contents are characteristic of arc-related magmas (Figure 14).

Application of the empirical method of Maniar and Piccoli (1989) to the Melrose
Stock samples suggests that most rocks are ‘orogenic’ with either island arc (IAG) or
volcanic arc (VAG) affinities. A few samples are characterized by A/CNK values >1.05,
and may possibly be continental collisional granites (CCGs) according to this scheme.
Moreover, most samples overlap with the field of ‘Cordilleran granites’ on diagrams of
Frost et al. (2001), whereas the monzonites plot as ‘late orogenic’ granitoids on the R1–R2
classification scheme of Batchelor and Bowden (1985) (Figure 15).

The results listed above lead us to the conclusion that the Melrose Stock granitoids
formed in a volcanic arc setting late in the orogenic cycle, rather than as anorogenic,
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within plate granitoids. The spikes and humps displayed by the LILEs on spider diagrams
suggest that the magma was likely generated in the presence of H2O-rich fluids, whereas
the ‘troughs’ for Ti, Nb, and P suggest that these elements were sequestered by solids dur-
ing magma generation. Both observations are consistent with the generation of the parent
magma by partial melting of metasomatized peridotite in the mantle wedge atop a sub-
ducting slab where minerals such as rutile and pyroxene were stable (e.g. Drummond and
Defant 1990; Tatsumi and Eggins 1995). The apparent discrepancy with the trace-element

Figure 13. (a) N-MORB normalized spider diagram of Sun and McDonough (1989). Normalization
factors from Boynton (1984). (b) Ocean ridge granite (ORG) normalized spider diagram of Pearce
et al. (1984). Symbols as in Figure 3.
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discrimination plots of Pearce et al. (1984) that suggest a ‘within-plate origin’ for the Mel-
rose Stock can be accounted for by the presence of significant amounts (up to 2 vol.%) of
accessory titanite and allanite which concentrate Nb, Y, and Ta. Moreover, Pearce (1996)
showed that post-collisional granites overlap in part with ‘within-plate granites’ on Y+Nb
versus Rb diagrams. This in turn suggests that major-element discriminant diagrams simi-
lar to those of Maniar and Piccoli (1989) and Batchelor and Bowden (1985) are better
suited for identifying the tectonic setting of granitoids, as suggested by Frost et al. (2001).

Although a few samples (VN-16, -24, -30, and -31) are characterized by A/CNK values
>1.05, and may possibly be CCGs according to the classification scheme of Maniar and Piccoli
(1989), we have ruled out this possibility as these samples are from the margin of the stock and
were most likely affected by assimilation of country rocks (Figure 2). On the other hand, the
R1–R2 diagram of Batchelor and Bowden (1985) also shows the evolution of the Melrose
monzonitic magma through an orogenic cycle where the least differentiated (VN-26 and
VN-41) and most differentiated (VN-19) samples define a trend towards the origin, consistent
with their differentiation from a mantle-derived basic magma (Batchelor and Bowden 1985)
before evolving to the more acidic compositions (e.g. VN-9 and VN-7; Figure 15).

Magmatic evolution and petrotectonic interpretations
Despite the preliminary nature of some aspects of this study, field, petrographic, mineral
chemical, thermobarometric, and major- and trace-element compositional data all indicate
that the Melrose Stock consists of subsolvus, magnetite series, mesozonal granitoids. Their

Figure 14. Trace-element discriminant plots of Pearce el al. (1984). Symbols as in Figure 3.
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petrographic characteristics, along with their metaluminous, calcalkaline, and magnesian
nature, are consistent with those of I-type granites as defined by Chappell and White
(1974). Zirconium saturation temperatures for these rocks (∼804 ± 36°C) fall between
those values for the ‘hot’ and ‘cold granites’ of Miller et al. (2003), but place them well
within the ‘low T’ category of Chappell et al. (2004). Nevertheless, Melrose Stock samples
have several chemical and petrographic characteristics that are very similar to those of the
‘high T, I-type granites’ of these authors (e.g. bimodal SiO2 contents, curvilinear trends on
bivariate plots, even distribution of mafic minerals, interstitial nature of quartz, and
common occurrence of hornblende with corroded cores of clinopyroxene). More data are
therefore needed for the positive identification of the Melrose Stock rocks as either ‘low-
temperature’ or ‘high-temperature’ I-type granitoids.

Tectonically, parental magmas for the Melrose rocks were derived from the mantle in
a subduction zone setting. The monzonitic magma was probably emplaced late in the
orogenic cycle after significant ‘hybridization’ with continental crust, as indicated by the
rocks falling in the ‘high K calcalkalic’ to ‘shoshonitic’ fields of Peccerillo and Taylor
(1976) (Figure 8). The Melrose Stock rocks are therefore considered ‘transitional’ or
‘hybrid mixed origin late orogenic (HLo)’ according to the classifications of Winter (2010)
and Barbarin (1990), respectively.

We therefore suggest that the parent magma of the Melrose Stock was likely an olivine
tholeiite generated by partial melting of mantle peridotite metasomatized by H2O-rich fluids
released from an east-dipping subducted slab. As the magma ascended through the mantle
it differentiated through the fractional crystallization of olivine, pyroxene ± plagioclase,
probably during a period of subduction rollback late in the cycle of the Elko orogeny
(Thorman et al. 1992). The resulting magma likely ponded at the crust–mantle boundary

Figure 15. Cationic plot of R1 [4Si – 11(Na + K) – 2(Fe + Ti)] versus R2 (6Ca + 2Mg + Al) showing
all monzonites falling in the fields of post-collisional/late orogenic granitoids. Differentiation trends
are indicated by arrows. Symbols as in Figure 3.
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before intruding the continental crust thinned by ongoing extension in the back-arc area of
an outboard island arc to the west (Thorman et al. 1992). As the magma intruded the
continental crust, it underwent more differentiation through fractional crystallization and
assimilation of crustal material. The onset of crystallization ∼165 Ma (Zamudio 1993)
took place at T ∼ 800°C.

By the time of its final emplacement at P of 2.3–1.8 kbar and T of 750–700°C, this
hybrid magma was monzonitic in composition. The first stage (Stage 1) of post-emplacement
magmatic evolution may have been marked by fractional crystallization (partly through
crystal settling?) of pyroxene + plagioclase, coupled with limited assimilation of pelitic
country rocks along the roof and margins of the intrusion, which resulted in local increases
in PH2O and fO2 within the chamber. This in turn caused the stratification of the magma
into layers each with distinct thermal and compositional properties. As the magma continued
to cool and crystallize, convection ensued, possibly in response to thermogravitational
instability between the different layers. As a result, different layers in the magma chamber
began to mix, causing plagioclase feldspars that had crystallized earlier to undergo a series
of repeated phases of partial resorption and recrystallization to produce the oscillatory
zoning observed in most samples (Figure 4a). This ‘mixing’ process, which characterizes
Stage 2 of differentiation (Figure 12), led to the partial, localized breakdown of pyroxene
to magnetite (Figure 4d). This stage was also accompanied by the fractionation of plagi-
oclase, hornblende, and biotite, which would account for the complex textures between
the latter two minerals (e.g. Figures 6a and c). As the magma continued to cool, more
biotite and hornblende fractionated, probably under increased fO2 conditions to produce
the more differentiated granites and granodiorites (Stage 3, Figure 12). The highly differ-
entiated syenite dikes represented by VN-15 would then correspond to a felsic melt
extracted from a crystal mush at depths significantly greater than those represented by the
samples studied (e.g. Bachmann and Bergantz 2008).

Following the complete crystallization of the magma, and as the temperature dropped
below 650°C, the rocks underwent significant deuteric alteration. This is manifested by the
localized oxidative breakdown of ilmenite first to secondary titanite ± magnetite (Figure 6f),
then to rutile + haematite (Figure 6h), the subsolidus crystallization of jimthompsonite at
the expense of orthopyroxene (Figures 4f and 6d), and the development of perthitic and
myrmekitic textures. Late-stage hydrothermal alteration resulted in the localized saussuri-
tization and chloritization of feldspar and biotite, respectively, and the formation of actinolite
along the rims of hornblende.

Conclusions

• The Melrose Stock rocks are subsolvus, magnetite series, I-type granitoids.
• All rocks are magnesian, metaluminous, high K-calcalkalic to shoshonitic in

composition, with a subduction zone signature. These petrological and chemical
characteristics are similar to those of transitional or hybrid late-orogenic granitoids.

• Parental magma was a basalt generated by partial melting of metasomatized peridotite in
the mantle wedge of an arc. This basaltic magma rose to shallower levels during fore-arc
extension, possibly in response to subduction rollback and development of a new sub-
duction zone to the west of an approaching island arc. This magma differentiated during
its ascent through fractional crystallization and contamination with continental crust.

• The resulting monzonitic magma intruded the crust late in the Elko orogeny during
a period of extension (Thorman et al. 1992), rather than one of modest shortening as
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suggested by Miller and Hoisch (1992). The magma was emplaced at a relatively
shallow depth of 5–7 km at T ∼ 750–700°C.

• The monzonitic magma continued to evolve by fractional crystallization of
pyroxene + plagioclase to produce some cumulates and a deeper crystal mush.
Assimilation, convection-induced mixing, and fractionation of plagioclase, hornblende,
and biotite produced the granodiorites and granites, which crystallized under more
oxidizing and water saturated conditions, as suggested by Sanderson (1972).
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