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ABSTRACT 
 

The Hortavær Igneous Complex, off the coast of north-central Norway, is a 

zoned pluton that exhibits evidence of upward growth as a series of stacked layers or 

sheets.  What crops out now is a pluton with, from west to east, heterogeneous zones 

of syenite, intense sheeting, diorite, monzonite, and alkali granite.  Sheets dip steeply 

west and strike N-S in the south and N30E in the north, defining the limbs of a 

regional fold.  The pluton intruded calc-silicate, carbonate, and migmatitic gneissic 

host rocks about 466 Ma.  Assimilation and fractional crystallization of dioritic 

magmas produced syenitic and monzonitic magmas, which are interpreted to have 

migrated laterally due to outward flow of successive injections of magma.  Continued 

injection of dioritic magma produced more syenite and monzonite.  New pulses of 

diorite spread laterally over variably crystal-rich syenitic magmas.  The density 

contrast between syenitic and dioritic magmas caused syenite to escape upward, 

producing tubes and flames of syenite that intruded into the overlying sheets.  Flame 

structures in the sheets point to the east, the original top of the pluton.  At their bases, 

dioritic sheets quenched against the syenite and were penetrated by the escape 

structures. Along their upper surfaces, the dioritic sheets mingled with overlying 

syenitic magmas to produce enclaves.  Magmatic foliation is oriented parallel to the 

sheets and is defined by alignment of elongate minerals and flattened enclaves.  This 

foliation is interpreted to result from overburden pressure.  Folding of the pluton 

produced parasitic folds of the sheets in the limbs of the regional fold.  Subsequent 

block rotation about 90° east resulted in the current orientation of sheets with a steep 

westward dip. 
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CHAPTER I 

INTRODUCTION 

 Layered plutons crop out throughout the world, from the Skaergaard 

Intrusion to the Bushveld Complex, the Muskox to the Stillwater (Wager and Brown, 

1967).  The nature of layering within these plutons is as diverse as their various 

locations.  Some layers are defined by variation of mineral modes or grain size; these 

characteristics have been interpreted as the result of crystal accumulation and 

gravitational settling (Wager and Deer; 1939; Irvine, 1967; Irvine and Smith, 1967; 

Wager and Brown, 1967; Wiebe, 1993; Wiebe and Snyder, 1993).  Other layers have 

distinctly sedimentary features, such as loading and impact structures, scour and fill 

features, angular unconformities, slumps, and trough and cross bedding, that are 

interpreted as the result of magmatic currents and density flows of accumulated 

crystals (e.g., Irvine, 1967; Wiebe and Snyder, 1993).  Still other plutons have 

alternating compositional layers that result from multiple injections of different 

magma compositions (Irvine, 1967; Wiebe, 1988, 1993).  It is this third type of 

layering that is described in this study. 

Intrusive layering of alternating mafic and felsic sheets within a pluton 

provides information about emplacement and petrogenetic processes.  Several workers 

have used field relations between layers to interpret pluton emplacement history and 

paleovertical directions (Wiebe, 1988, 1993; Wiebe and Collins, 1998; Bachl et al., 

2001; Harper et al., 2004).  For example chilled margins of mafic rocks indicate that 

they injected cooler, felsic magmas (Wiebe, 1988; Wiebe and Collins, 1998; Bachl et 

al., 2001) and alternating compositional layers suggest that emplacement was by 

multiple magma injections (Wiebe, 1988, 1993; Bachl et al., 2001; Barnes et al., 

2003).  This type of layering results in contrasting density and viscosity between 

layers and produces physical interactions similar to some sedimentary structures 

(Wiebe, 1993; Wiebe and Collins, 1998; Harper et al., 2004).  In particular, when 

dense mafic sheets overlie less dense felsic sheets, flame- and load cast-like structures 
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may be produced.  These features are important because, as in sedimentary rocks, they 

serve as geopetal indicators, and in magmatic systems may be useful in explaining 

emplacement mechanisms.  Multiple magmatic pulses are also important because they 

control how heat is supplied to the system.  Heat influx has implications for cooling 

rate, the ability of magma to assimilate host rocks, and the rates and extent of crystal 

fractionation (Barnes et al., 2003).  Emplacement of multiple magma pulses also 

suggests that magma mixing is possible and perhaps likely.  The possibility of mixing 

is particularly relevant in this study because in the Hortavær Igneous Complex 

evidence for magma mingling is commonplace.  In a more general sense, it is clear 

that examples of layered intrusions permit examination of various stages of 

emplacement and of the complex petrogenetic processes involved in the construction 

of plutons. 

The Hortavær Igneous Complex crops out in the Horta archipelago off the 

coast of north-central Norway (Fig. 1.1).  Gustavson and Prestvik (1979) mapped the 

archipelago and conducted the first systematic study of the plutonic rocks.  They noted 

the occurrence of magmatic calcite, but showed on the basis of geochemical data that 

the presence of carbonatite was unlikely.  Gustavson and Prestvik (1979) also 

suggested that host rock assimilation had occurred but had minor effects on magma 

compositions.  Data from the 1979 paper, however, were inconclusive in determining 

whether the various rocks exposed in the complex were all derived from a single 

parental magma.  Barnes et al. (2003) studied the pluton and interpreted the Hortavaer 

Igneous Complex as a magma transfer zone because the heterogeneity of sheet 

compositions and magma mingling indicated that the pluton was emplaced as multiple 

magma batches.  On the basis of petrologic and geochemical evidence, they concluded 

magmatic compositions were significantly affected by assimilation of carbonate and 

quartzofeldspathic host rocks.  The abundance of calcium-rich phases in mafic rocks, 

the presence of magmatic calcite, and C and O isotope compositions indicate that 

carbonate host rocks were assimilated by high-temperature mafic magma capable of 

fractionating clinopyroxene (Barnes et al., 2005).  Nd and Sr isotopes along with the 
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evolution of felsic magmas from nepheline to quartz normative compositions were 

interpreted as the result of additional assimilation of quartzofeldspathic host rocks 

(Barnes et al., 2005). 

 As part of the continuing study of the Hortavaer complex, field 

observations during the summer of 2005 indicated that the intrusion is a vertically-

stratified magmatic system rather than a magma transfer zone.  As a result, a number 

of new, interesting questions arose concerning the petrogenesis of the intrusion and 

interaction of the felsic and intermediate magmas within the pluton.  For example, 

field observations (particularly evidence for magma mingling) led to the possibility 

that the observed compositional diversity could be the result of magma mixing as well 

as host rock assimilation.  Moreover, layering of the different magma compositions 

provided information regarding the structure and orientation of the pluton at the time 

of emplacement at ~466 Ma, which can be used to reconstruct the pluton in its original 

emplacement position.  Therefore, the purpose of this thesis research is to present field 

observations, petrologic, structural, and geochemical evidence and to use these data to 

gain a better understanding of the magmatic history of the complex, and particularly of 

the importance of magma mixing, magma mingling, and host rock assimilation during 

pluton formation.  The study focuses on answering two questions: What are the 

sources of petrologic diversity at Hortavær?  And, how was this pluton constructued? 
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CHAPTER II 

GEOLOGIC SETTING 

 The Caledonian Orogen of Norway formed during several episodes of 

eastward nappe emplacement onto the Baltic craton (Stephens and Gee, 1989; Roberts, 

1988; Stephens et al, 1993).  This tectonic Silurian-Devonian activity (McKerrow et 

al., 2000) produced a structural sequence that can be divided into four distinct 

allochthons – the Lower, Middle, Upper, and Uppermost Allochthons– that were 

emplaced on the Baltoscandian crystalline platform along east-directed thrust faults 

(Stephens et al., 1993).  The Uppermost Allochthon (Fig 1.1) in north-central Norway 

is subdivided into at least two composite nappes, the Rödingsfjället and Helgeland 

Nappe Complexes (Stephens and Gee, 1989).  The structurally higher Helgeland 

Nappe Complex (HNC) is further subdivided into four named nappes – Sauren-

Torghatten, Lower, Middle and Upper – separated by east-dipping, west-vergent shear 

zones (Thorsnes and Løseth, 1991; Stephens et al., 1993; Yoshinobu et al., 2002).  The 

Leka ophiolite (Fig. 2.1) and its overlying cover sequence (Skei Group) are also 

thought to be part of the HNC, based on the geochronology that correlates with the 

Sauren-Torghatten nappe (Barnes et al., in press, Geosphere, 2007). The ophiolite 

crops out southeast of the Hortavær Igneous Complex and exhibits post-emplacement 

block rotation ~90° to the southeast (Prestvik, 1980). 

Marble, quartzite, calc-silicate rocks, and rare migmatite serve as the host 

rocks of the Hortavær Igneous Complex.  The specific nappe intruded by the Hortavær 

Igneous Complex has not been correlated with any of the named nappes.  Barnes et al. 

(in press, Geosphere, 2007) proposed a new nappe called the Horta nappe, which 

consists of Neoproterozoic carbonate and sparse clastic rocks and Ordovician 

migmatitic clastic rocks, quartzite, and sparse marble (Fig 2.2). 

Plutons in the Bindal Batholith range from olivine gabbro to leucogranite and 

from 480 to 424 Ma (Nordgulen and Sundvoll, 1992; Nordgulen et al., 1993; 

Yoshinobu et al., 2002; Barnes et al., in press, Geosphere, 2007).  The Hortavær 
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Igneous Complex is one of the few alkalic plutons, and the only one with 

feldspathoids, in the compositionally-variable Bindal Batholith (Barnes et al., 2005).  

The complex is a zoned or stratified pluton: with syenite in the west, alkali granite to 

the east, and central zones of diorite and monzonite (Fig. 2.3).  The zones are 

approximately 1.5 km wide by 3 km long (Fig. 2.3).  Each zone is named on the basis 

of the predominant rock type, but each zone is compositionally heterogeneous in that 

it contains outcrops of multiple rock types, such as sheets of monzonite in the syenite 

zone or sheets of diorite in the monzonite zone.  Granitic dikes cross-cut sheeting 

throughout the pluton but are most abundant in its eastern half.  Additionally, a zone 

of intensely sheeted syenite and diorite intermingled with monzonite crops out 

between the syenite and diorite zones (Fig. 2.3).  Rock types exposed in the sheeted 

zone include clinopyroxene-rich diorite, monzonite, and nepheline- to quartz-

normative syenite (Barnes et al., 2003, 2005).  The study area of this thesis is in the 

sheeted zone of the pluton. 
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FIGURE 2.1. Regional geologic map of the Hortavær Igneous Complex, the Leka 

ophiolite, parts of the Helgeland Nappe Complex, Proterozoic gneissic basement 

rocks, and the Heilhornet pluton that shows their relative positions.  (Enlargement of 

gray box in Fig. 1.1).  The rotational symbol next to Leka shows a 90° southeast 

rotation.  Dashed line is a thrust fault, and the block arrows represent stratigraphic up 

direction (modified from Barnes et al., in press, Geosphere, 2007). 
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FIGURE 2.2. Schematic cross section of the Helgeland Nappe Complex (modified from 

Barnes et al., in press, Geosphere, 2007).  Nappes are separated by east-dipping thrust 

faults except the Middle and Lower nappes, which are separated by a normal fault 

(Thorsnes and Løseth, 1991; Yoshinobu et al., 2002).  The westernmost nappe is the 

proposed “Horta” nappe (Barnes et al., in press, Geosphere, 2007).  (Note: Colors in 

the modified diagram have no particular meaning, and serve only to distinguish 

different structural features.) 
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FIGURE 2.3. Geologic map of the Hortavær Igneous Complex (modified from Barnes 

et al., 2003).  Host rocks crop out to the northwest, northeast, and southwest of the 

pluton.  See text for discussion of zoning.  Dreplan island is used as a reference for 

structural data and is circled in green.  
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CHAPTER III 

FIELD OBSERVATIONS AND STRUCTURE IN THE SHEETED ZONE 

  The sheeted zone at Hortavær is located between the syenite and diorite 

zones (Fig. 2.3) and crops out on an arcuate N-S trending group of islands, among 

which are Kleppan and Andersøya.  The rationale for focusing the study on this 

portion of the pluton was that the extreme structural and compositional heterogeneity 

in the sheeted zone were thought to provide insight into both emplacement and 

petrogenesis of the Hortavær complex.  This study revisits the concept that the 

Hortavær complex is a “magma transfer zone” (Barnes et al., 2003) and uses 

observations of magmatic structures and fabric to re-evaluate that classification.  

Comparison of the magmatic features in the sheeted zone with structures interpreted to 

be geopetal indicators from other layered plutons (Wiebe and Collins, 1998; Harper et 

al., 2004) allows determination of the paleovertical direction in the Hortavær complex.  

Finally, the prevalence of mingling features in this zone makes it an ideal place to 

evaluate the importance of magma mixing as an important petrogenetic process in the 

complex. 

Sheeting, foliation, and folding 

 The magmatic sheets are primarily syenitic or dioritic, with lesser 

numbers of monzonitic sheets (Fig. 3.1).  As seen in Fig. 3.1, the sheets are parallel to 

each other, contain enclaves, and are cross-cut by veins of the other rock types 

(syenite, diorite, and monzonite).  The sheets strike roughly N-S in the part of the 

intrusion south of Dreplan (Fig. 2.3) and strike ~N30E in the part of the intrusion 

north of Dreplan.  These strikes are averages of the measured strikes, which actually 

display quite a bit of variability (APPENDIX A and Fig. 3.2a).  The sheets dip to the 

west or northwest 60 – 80 degrees (Fig. 3.2a).  Syenitic, dioritic, and monzonitic 

sheets range from a few cm to more than two meters in width and can be traced along 

strike for several meters.  Figure 3.3 shows a 20 cm wide dioritic sheet that contains 

veins of syenite 10 cm long and one cm wide that are at a high angle to sheet contacts. 
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The syenite veins strike roughly NW-SE.  Dioritic sheet contacts vary from sharp on 

the western margin to cuspate and gradational on the eastern margin (Fig. 3.3).  In 

contrast to the rocks of syenitic, monzonitic, and dioritic compositions, granitic dikes 

cross-cut all other types of sheets.  The granitic dikes strike roughly E-W and have 

variable steep dips to the N and S. 

Some of the sheets are foliated, with foliation defined by planar orientation of 

plagioclase and hornblende phenocrysts and enclave elongation direction. Within the 

sheeted zone, some sheets exhibit a strong fabric, whereas others are only weakly 

foliated or unfoliated.  A stereonet of poles to foliations shows that, where present, 

foliations are parallel to the igneous layers (sheets) (Fig. 3.2a).  Poles to the planes of 

the contacts of magmatic sheets and to the orientation of foliation were plotted on a 

stereonet (Fig. 3.2a), and the average great circle for the combined data was calculated 

(Fig. 3.2b) using the Stereonets program (Allmendinger, 2002).  The pole to this great 

circle plots in the northwest quadrant at 39/308.   

The magmatic sheets are locally folded on the outcrop scale.  These small folds 

most commonly crop out on Andersøya (Fig. 2.3).  Some syenitic and dioritic sheets 

are folded with host rock screens and endoskarns (Fig. 3.4).  The screens and 

endoskarns are typically marbles that deformed ductilely (Fig. 3.4).  Folds have 

amplitudes of approximately 10 cm and wavelengths of up to a meter.  The folds are s-

shaped, open, and asymmetric. The axes of these folds (APPENDIX A) are plotted in 

Figure 3.2a and have orientations that range from 42/247 to 30/350 (Fig. 3.2). 

Geopetal indicators 

 Many of the contacts between dioritic and syenitic sheets in the sheeted 

zone show characteristic asymmetries.  Specifically, the eastern margins of syenitic 

sheets have sharp contacts with dioritic sheets, whereas the western margins of syenite 

sheets are gradational and cuspate with diorite.  Syenite adjacent to these gradational 

contacts commonly contains angular dioritic enclaves (Fig. 3.5). These enclaves 

decrease in abundance to the east, away from the dioritic sheet (Fig. 3.5).  As the next 

 11
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dioritic sheet is approached from the west, enclaves become sparse or absent and 

another sharp contact of syenite with diorite is observed.  Flame-like structures intrude 

eastward from syenitic sheets into dioritic sheets (Fig. 3.6a).  Syenite flame structures 

range from one mm to 20 cm wide and can be as much as one meter long, and some 

are bent to the south into parallelism with sheet contacts (Fig. 3.6b).  Syenite “flames” 

vary from fine- to coarse-grained.  Centimeter-scale syenitic sheets or veins may 

extend through dioritic sheets; many of these veins are parallel to sheet margins, and 

some veins appear to emanate from the flame structures (Fig. 3.6b).  Load cast-like 

structures of diorite bulge westward into the adjacent syenitic sheet and range from 5-

50 cm long and 2-20 cm deep (Fig. 3.6c).  Dioritic load cast-like features can contain 

inclusions of the syenite into which they bulge (Fig. 3.6c).  It is noteworthy that not all 

of the sheets exhibit obvious geopetal indicators.  Some dioritic sheets have chilled 

margins on both sides, and sheets that show strong foliation, such as those on 

Andersøya, typically lack geopetal indicators. 

Mingling features 

 Even-grained enclaves of syenitic, dioritic, and monzonitic 

compositions occur within the various rock types of the sheeted zone.  Coarse-grained 

syenitic enclaves occur in dioritic and syenitic sheets, dioritic enclaves occur in 

monzonitic and syenitic sheets, and monzonitic enclaves occur in dioritic and syenitic 

sheets.  In contrast, granitic dikes lack mingling features with the other rock types 

present.  Enclaves range from 2 mm to one-half meter across (Fig. 3.7).  Some 

enclaves appear to be vein-fed magma pockets; these veins are sinuous, have cuspate 

margins, and may contain enclaves themselves (Fig. 3.7).  Contacts between enclaves 

and host rocks are sharp.  Enclaves have shallow, cup-shaped concavities, producing 

an almost pinnate shape; a few enclaves have cm-scale reaction rims against their host 

rock (Fig. 3.8).  Reaction rims are more rounded than the enclaves they mantle (Fig. 

3.8).  These angular dioritic enclaves are cross-cut and intruded by coarse-grained 

syenite veins (Fig. 3.9).  Where they occur in swarms, the enclaves were magma-

supported (Figs. 3.1, 3.5, 3.6b, 3.7, 3.8, and 3.9), that is they are not in contact with 
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other enclaves.  As indicated above, the enclaves at Horta are angular (Fig. 3.9) in 

contrast to rounded enclaves that are typical of mafic enclaves in granitic to tonalitic 

rocks (Wiebe et al., 1997; Bachl et al., 2001; Harper et al., 2004). 
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     E

syenite 

monzonite 

diorite 

 
 

 

 

W 

FIGURE 3.1. Monzonitic sheet crowded with dioritic enclaves in contact with a 

syenitic sheet on the west (left) and a dioritic sheet on the east (right).  Both 

monzonitic and dioritic sheets are cross-cut by cm-scale syenite veins.  The picture 

was taken on Kleppan facing north.  Hammer handle is 30 cm long.  The yellow 

circles denote syenitic flame-like structures cross-cutting monzonitic and dioritic 

sheets.  The green circle shows a load cast-like structure emanating from diorite 

westward into syenite.  The red circle encloses part of a diorite sheet that has partially 

disaggregated, obscuring cross-cutting veins. 
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Equal Area 

FIGURE 3.2 A) Stereonet with poles to sheet contacts and 
foliations from sheeted zone 
  

 
Fold axes 

 
Poles to sheets with geopetal features, S of Dreplan 

  
Poles to sheets on Dreplan 
 
Poles to sheets north of Dreplan 
Poles to foliation throughout pluton north of Dreplan 
Poles to foliation throughout pluton south of Dreplan 
 

 Mean vector for geopetal data
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Equal Area 

FIGURE 3.2B) Stereonet with combined planar data (sheets 
and foliations) and the average great circle to that data. 
 
  

 
Poles to planes north of Dreplan 

  
Poles to planes with geopetal indicators 

  
Fold axes 
 
Average great circle to all planar data 

   
Pole to great circle 

   
Mean vector to geopetal planes 

 16



Texas Tech University, Lindy McCulloch, December 2007 

diorite 

diorite 

syenite 

W       E 

syenite 
veins 

 

FIGURE 3.3. Dioritic and syenitic sheets of variable widths, Andersøya (pencil 14 cm).  

Eastern margins of sheets are cuspate and gradational.  The 20 cm wide diorite sheet 

contains 10 cm long syenitic veins at a high angle to sheet contacts. 
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syenite 

diorite 

clinopyroxene 
muscovite 
calcite marble 

W          N 
 

FIGURE 3.4. Down-plunge view to the NW of syenite and clinopyroxene muscovite 

calcite marble, forming an open, asymmetric, s-shaped fold.  Pen (15 cm) is north of 

the fold axis, Andersøya.  

 

 

 

 18



TTexas Tech UUniversity, Linndy McCullocch, Decemberr 2007 

FIGURE 3.

its eastern 

enclaves w

FIGURE 3.

sedimentar

overlying 

diorite des

.5. A dioritic

margin is cu

whose abund

.6 A). Density

ry-like escap

diorite becau

scended into 

S 

ρ1<ρ2 

c sheet with s

uspate.  Syen

dance decrea

y contrasts b

pe structures

use of gravit

less dense s

sy

ρ2 

 19

sharp wester

nitic sheet ea

ases eastward

between syen

s.  Flame-lik

tational insta

syenite layer

diorit

sye

yenite 

rn contact w

ast of the dio

d.  Hammer 

nitic and dio

ke structures 

ability, and l

rs. 

te 

enite 

ρ

with a syenitic

orite contain

handle is 30

oritic magma

of syenite in

load cast-like

ρ1 

 

c sheet, whe

ns dioritic 

0 cm long. 

 

      
N 

ereas 

as resulted in

ntruded 

e structures 

n 

of 



Texas Tech University, Lindy McCulloch, December 2007 

syenite 
veins 

syenite 
flame-like 
structures 

        E diorite W 
 

FIGURE 3.6 B) Syenite tongues are flame-like structures; syenite veins parallel sheet 

margins and appear to emanate from “flames” (Kleppan, hammer handle 30 cm long). 

 

diorite 

syenitic 
enclave 

syenite 

FIGURE 3.6 C) Dioritic and syenitic sheets.  The outlined bulb of diorite is a load cast-

like structure within the syenite and contains a syenitic enclave.  View to the 

northwest on Andersøya.  The pencil is 14 cm long. 
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syenitic 
enclave 

diorite 

syenite 
veins 

S N 

FIGURE 3.7. Syenitic enclave and coarse-grained syenite veins in diorite.  Syenite 

veins contain dioritic enclaves, circled in red.  View to the west on Størkleppan.  

Hammer handle is 30 cm long. 

 

diorite 
enclaves 

reaction 
rims 

monzonite 

 

syenite W N 

FIGURE 3.8. Dioritic enclaves within monzonite.  Note the reaction rims of monzonite 

on the dioritic enclaves.  View to the east, Størkleppan, hammer handle is 30 cm long. 
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monzonite 

diorite syenite 

W E 

FIGURE 3.9. This photo shows multiple enclave-host relationships.  Angular dioritic 

enclaves are enclosed by both monzonite and syenite.  In addition, composite diorite-

in-monzonite enclaves are enclosed by syenite.  Note the pale syenitic veins that cross-

cut the composite and dioritic enclaves.  Oblique view to the north on Kleppan.  

Hammer handle is 30 cm long. 
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CHAPTER IV 

LITHOLOGY OF SHEETED ZONE 

Compositional Diversity 

 Mafic rocks in the sheeted zone are fine- to medium-grained, 

equigranular clinopyroxene amphibole diorite, although some samples lack 

clinopyroxene and others lack amphibole.  Intermediate rocks in this zone are 

medium-grained biotite clinopyroxene amphibole monzonite.  Felsic rocks are 

medium- to coarse-grained biotite amphibole syenite with little to no quartz.  Cross-

cutting dikes are biotite amphibole granite.  Rock names were determined by visual 

estimates of mode. 

Petrography 

Complete petrographic descriptions of analyzed samples are in APPENDIX B.  

Plagioclase compositions were determined by the Michel-Levy method.  Green 

pleochroism in the amphibole indicates that it is Fe-rich, and color zoning in the 

clinopyroxene suggests that it is augitic (Perkins and Henke, 2000). 

Diorite 

 Dioritic rocks in the sheeted zone are fine- to medium-grained, foliated, seriate 

or porphyritic, and hypidiomorphic granular.  The phenocryst phases are amphibole, 

clinopyroxene, and plagioclase in varying abundances.  Amphibole phenocrysts are 

subhedral, occur as elongate grains parallel to the foliation, and have dark yellow to 

green brown pleochroism.  Amphibole also occurs as aggregates, within which grain 

boundaries are straight and have 120° crystal intersections.  Clinopyroxene 

phenocrysts are subhedral, occur as elongate, fractured grains parallel to the fabric, 

and have pale green to blue green pleochroism.  Plagioclase (An25-30) phenocrysts are 

anhedral, and define the foliation.  Groundmass phases include plagioclase and the 

accessory phases – biotite, sphene, Fe-Ti oxides, and calcite.  Within the groundmass, 

albite twinning of elongate plagioclase parallels the mesoscopic foliation defined by 
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phenocrysts, whereas twinning within granular plagioclase grains is randomly-oriented 

relative to the foliation.  Biotite is anhedral, pale to dark yellow pleochroic, and occurs 

within granular aggregates of amphibole.  Sphene is subhedral and fractured (Fig. 4.3).  

Oxides occur as anhedral grains and fill fractures in crystals.  Calcite is anhedral and 

interstitial.  Epidote/zoisite occurs as secondary inclusions within plagioclase. 

Monzonite 

 Monzonitic rocks in the sheeted zone range from fine- to coarse-grained with 

equigranular or seriate, hypidiomorphic granular texture.  Amphibole, clinopyroxene, 

microcline, and plagioclase (An15-20) comprise the phenocrysts in varying abundances.  

Amphibole phenocrysts are subhedral, occur as elongate crystals that define foliation, 

and have dark yellow to brown or pale brown to dark green pleochrosism.  

Clinopyroxene phenocrysts are subhedral, fractured, and elongate parallel to rock 

fabric; they have pale to medium green or green to blue green pleochroism.  

Clinopyroxene grains are typically zoned with pale green cores and blue green rims 

and have amphibole overgrowths.  Microcline phenocrysts are anhedral to subhedral, 

have microperthitic textures, and contain exsolved plagioclase (Fig. 4.2).  Plagioclase 

phenocrysts are anhedral; albite twinning within elongate phenocrysts is parallel to 

foliation.  Accessory phases within monzonitic rocks are biotite, sphene, calcite, Fe-Ti 

oxides, and rare garnet. Biotite grains are anhedral, typically occur in granular 

aggregates with amphibole and clinopyroxene, and have yellow to brown pleochroism.  

Sphene is subhedral to euhedral, is rarely fractured, and contains rare calcite 

inclusions.  Calcite is anhedral and occurs both interstitially and as inclusions within 

feldspars and epidote.  Fe-Ti oxides occur as anhedral, interstitial grains with 

amphibole overgrowths.  Garnet (HV11) is orange brown, fractured, has embayments, 

and is up to 2 mm across.  Secondary epidote/zoisite occurs as inclusions in feldspars 

and oxides.  
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Syenite 

 Syenitic rocks in the sheeted zone are typically coarse-grained with 

phenocrysts up to 3 mm long.  Pegmatitic veins and enclaves are also present (HV24).  

These syenites are typically foliated (seen in alignment of microcline and ambibole), 

contain fractured crystals of clinopyroxene and amphibole, and have seriate textures.  

Grain boundaries are typically sutured.  K-feldspar is predominantly anhedral 

microcline up to 3 mm across; it often has microperthitic textures.  Microcline occurs 

as granular aggregates with exsolved plagioclase. Microcline contains inclusions of 

secondary epidote/zoisite (Fig. 4.1).  Amphibole grains reach 2 mm in length, are 

subhedral, and occur as elongate crystals parallel to the foliation.  Amphiboles have 

green to blue green pleochroism.  Clinopyroxene phenocrysts are subhedral, up to 2 

mm long, and are fractured.  Clinopyroxenes have yellow green to brown green 

pleochroism; some have amphibole overgrowths.  Groundmass phases are microcline 

and accessory sphene, Fe-Ti oxides, and calcite, and secondary epidote/zoisite.  

Sphene is subhedral to euhedral.  Oxides occur as interstitial phases with rare 

amphibole and clinopyroxene overgrowths.  Calcite is anhedral and occurs as 

inclusions in clinopyroxene and as an interstitial phase. 

Granite 

 Granitic rocks in the sheeted zone are fine- to coarse-grained, equigranular, 

hypidiomorphic granular biotite sphene amphibole granite.  The phenocrysts include 

biotite, sphene, amphibole, plagioclase, microcline, and quartz; the average phenocryst 

size is 0.5 mm.  Biotite phenocrysts are subhedral and have light to dark brown 

pleochroism.  Sphene phenocrysts are subhedral to euhedral and occur as phenocrysts 

and crystal aggregates.  Amphibole phenocrysts are subhedral, occur as elongate and 

skeletal grains, and have green to blue green pleochroism.  Plagioclase (An20) 

phenocrysts are anhedral and have antiperthitic and granophyric textures.  Microcline 

is anhedral and contains exsolved plagioclase.  Quartz phenocrysts are anhedral.  The 

accessory phase calcite occurs as crystal aggregates and interstitial grains.  Oxides 
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occur as euhedral prisms and grain aggregates.  Secondary epidote/zoisite occurs as 

inclusions within feldspars. 

Microstructures 

Mineral foliation, evident at outcrop and hand sample scale, is more cryptic at 

the microscopic level.  Albite twinning of elongate plagioclase within the groundmass 

is parallel to the mesoscopic foliation defined by the phenocrysts, but granular 

plagioclase grains have randomly-oriented twins.  In some rocks, banding of elongate 

mafic minerals defines the foliation.  In all of the samples examined petrographically, 

minerals such as plagioclase, microcline, and clinopyroxene, display undulose 

extinction and mechanical and/or deformation twinning.  Many of the samples contain 

fractured minerals (Fig. 4.4).  Most of the phases, such as feldspars and pyroxene, 

have cuspate boundaries, although some have straight boundaries and 120° crystal 

intersections (Fig. 4.5). In syenite, K-feldspar phenocrysts are recrystallized to 

granular aggregates of plagioclase and K-feldspar.  Descriptions of individual 

microstructures observed are in the petrographic descriptions (APPENDIX B).  

Amphibole phenocrysts have both cuspate (HV01 and HV02) and straight (HV03, 

HV09c, and HV28) grain boundaries; within amphibole aggregates, grain boundaries 

are straight and intersect at 120° (HV01).  Biotite grains have straight grain boundaries 

(HV09c and HV28) and 120° crystal intersections (HV28).  Clinopyroxene 

phenocrysts have both cuspate (HV02 and HV28) and straight (HV01 and HV03) 

grain boundaries, and they display undulose extinction (HV01, HV02, and HV03).  

Microcline and plagioclase have cuspate, sutured grain boundaries (HV02 and 

HV09c), undulose extinction, and mechanical and deformation twinning (HV03, 

HV09c, and HV28).  Straight albite and Carlsbad twins in plagioclase are considered 

mechanical twins, whereas bending or tapering of twins is considered deformation.  

Quartz phenocrysts have cuspate grain boundaries (HV09c). 
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FIGURE 4.1 Plagioclase (An15) with inclusions of secondary zoisite. (HV02: 

amphibole clinopyroxene monzonite) 2.5 mm across (crossed polars) 

 

zoisite

 

FIGURE 4.2 Microperthitic texture in microcline with secondary zoisite inclusions. 

(HV14: clinopyroxene amphibole monzonite) 2.5 mm across (crossed polars) 

 27



Texas Tech University, Lindy McCulloch, December 2007 

 

FIGURE 4.3 Euhedral and subhedral brown sphene. (HV21: biotite clinopyroxene 

amphibole monzonite) 2.5 mm across (plane light) 

cpx 

microcline 

perthitic texture 

epid 

 

FIGURE 4.4A) Microcline and exsolved plagioclase aggregate with cuspate grain 

boundaries, strain twinning, perthitic texture, and undulose extinction.  Note the 

cuspate, sutured margins and fracturing of cpx in the southwest corner of the image. 

(HV03: amph cpx syenite) 2.5 mm across (crossed polars) 
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CHAPTER V 

GEOCHEMISTRY 

Methods 

 Samples from the sheeted zone were selected for chemical analysis on 

the basis of their lack of alteration, homogeneity, and being representative of the 

petrologic compositional range of rocks in the sheeted zone.  The samples were 

crushed in steel jaw crushers and powdered in an alumina shatterbox.  Powders 

(0.2000 +/- 0.0002 g) were subsequently mixed with lithium metaborate flux (1.2000 

+/- 0.0012 g) and fused in a muffle furnace at 1000°C for 20 minutes.  The resultant 

melt was dissolved in 80 mL of 1.5 M HCl.  Twenty mL of the resulting HCl solution 

were added to 40 mL of 1.5 M HCl to produce a one-third dilution of the sample 

solution.  This diluted solution was used to measure major element concentrations.  

Major and trace element concentrations were measured by inductively-coupled plasma 

atomic emission spectrometry, using a Leeman Labs DRE spectrometer.  Rubidium 

contents were determined by flame emission, and loss on ignition was measured by 

weighing powders before and after heating to 1000°C for 20 minutes in a muffle 

furnace and calculating the difference. 

Samples from outside the sheeted zone, included in some of the plots, are from 

Barnes et al. (2003, 2005, and written communication).  Rock analyses that include Co 

measurements were analyzed using X-ray fluorescence at the Norwegian Institute of 

Science and Technology (NTNU) in Trondheim, Norway (Barnes et al. 2003 and 

2005). 

Results 

 Dioritic samples from the sheeted zone have SiO2 values that range 

from 40.24 to 51.10 wt %; CaO values from 7.73 to 12.29 wt %; and MgO values 

from 2.81 to 4.11 wt % (Table 5.1).  Syenitic samples have a SiO2 range from 63.90 to 

64.87 wt %, CaO ranges from 1.06 to 1.93 wt %, and MgO ranges from 0.18 to 0.37 
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wt % (Table 5.1).  Monzonitic samples have SiO2 values that range from 50.46 to 

59.65 wt %; CaO values from 3.41 to 8.98 wt %; and MgO values from 0.41 to 1.88 

wt % (Table 5.1).  Based on total alkalis plotted against SiO2 (Fig. 5.1), the samples 

are predominantly alkaline, and all samples analyzed from the sheeted zone are 

alkaline.  Sheeted zone rocks are almost entirely metaluminous (Fig. 5.2 a).  

Normative calculations performed by Barnes et al. (2005, written communication) 

indicate that syenitic rocks are predominately quartz-normative, although nepheline-

normative syenitic compositions are also present.  Monzonitic and dioritic rocks are 

predominately nepheline- and olivine-normative (Fig. 5.2 b). 

Plots of Zn and Zr concentrations versus weight percent SiO2 exhibit rough, 

visually-approximated linear trends from diorite to monzonite to syenite, but not all 

the data fit any one trend (Fig 5.3).  Plots of Y versus SiO2 and CaO also display 

rough, visually-approximated linear trends, but some of the dioritic rock compositions 

do not fit these linear trends (Fig. 5.4).  Ba and Sr concentrations plotted against 

weight percent CaO show that monzonite has higher abundances of these elements 

relative to both syenite and diorite (Fig. 5.5).  Plots of incompatible elements, such as 

Rb, against CaO show that monzonite and syenite have higher abundances of these 

elements relative to diorite (Fig. 5.6).  Compatible elements, such as Co and MgO, 

plotted versus CaO decrease in monzonite and syenite relative to diorite as CaO 

concentrations decrease within the rocks (Fig.5.7).  Plots of TiO2, total Fe, and MgO 

against SiO2 display curved trends from primitive to evolved rock compositions.  Red 

arrows in the plots are visual estimates of potential fractionation paths and are 

discussed below (CHAPTER VI: Assimilation and fractional crystallization). 
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FIGURE 5.1. A) Total alkalis plotted against SiO2 for rocks in the sheeted zone. 

Compositions of rocks sampled from the sheeted zone are distinguished from similar 

rock compositions from elsewhere in the pluton.  Rock compositions from Hortavær 

have a wide range. 
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FIGURE 5.1 B) Despite the wide range in rock compositions, rocks from Hortavær are 

predominantly alkaline. 

 

 36



Texas Tech University, Lindy McCulloch, December 2007 

 

FIGURE 5.2. A) A plot of the alumina-silica index versus SiO2 shows that samples from 

Hortavær are almost entirely metaluminous.  The few syenites and one diorite that are 

peraluminous are not from the sheeted zone. 

0
0.2
0.4
0.6
0.8

1
1.2
1.4

40 45 50 55 60 65 70

SiO2

A
l2O

3/
(K

2O
+N

a 2
O

+C
aO

)

syenite (pluton) syenite (sheeted zone)
monzonite (pluton) monzonite (sheeted zone)
diorite (pluton) diorite (sheeted zone)

metaluminous

peraluminous

A 

 37



Texas Tech University, Lindy McCulloch, December 2007 

CIPW Norms

0

10

20

30

40

50

syenite        monzonite        diorite

Rock type

N
um

be
r 

of
 r

oc
ks

quartz (Q) nepheline (NE) olivine (OL)

B 

 

FIGURE 5.2 B) Plotting the number of rocks per rock type that have quartz, nepheline, 

or olivine normative compositions shows that syenitic rocks at Hortavær are 

predominately quartz-normative and that monzonitic and dioritic rocks are 

predominately nepheline-normative, although normative olivine is also pervasive in 

the dioritic rocks. 
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FIGURE 5.3. Plots of ppm Zr (A) and Zn (B) versus weight percent SiO2. 
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FIGURE 5.4. Y plotted versus SiO2 (A) and CaO (B). 
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FIGURE 5.5. Ba (A) and Sr (B) plotted versus CaO.  Both Ba and Sr have higher 

concentrations in monzonite relative to most syenite and diorite samples. 
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FIGURE 5.6. Rb concentrations versus CaO (A & B) show high concentrations of this 

incompatible element in monzonite relative to diorite.  Arrows explained in text. 
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FIGURE 5.7. Co (A) and MgO (B) plotted against CaO indicate decreases in compatible 

element concentrations in syenite and monzonite relative to diorite. 
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 FIGURE 5.7 C) Another plot of MgO versus CaO also shows a decrease in compatible 

element concentrations in syenite and monzonite relative to diorite. (The b graph uses 

only sheeted zone data; the c graph uses data from the entire pluton.)  Additional data 

obtained from Barnes et al. (2003, 2005, written comm.).  Arrows discussed in text.  
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FIGURE 5.8. A & B) Plots of TiO2 and FeO + Fe2O3 versus SiO2 show initial increases 

in TiO2 and Fe followed by decreases from olivine gabbro to syenite. 
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FIGURE 5.8. C) A plot of MgO versus SiO2 shows a steady decrease in MgO content 

from olivine gabbro to syenite. Harker plots of sheeted zone data (Barnes et al., 2003, 

2005).  Arrows discussed in text.  Olivine gabbro distinguished from diorite in these 

plots only. 
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CHAPTER VI 

DISCUSSION 

  Detailed field and laboratory study of the sheeted zone, as presented in 

the previous chapters, provides data that assist in the interpretation of the emplacement 

and petrogenesis of the Hortavær complex.  Identification of geopetal structures 

allows the determination of paleovertical, which in turn provides information pertinent 

to emplacement and subsequent deformational history of the pluton.  Geochemical 

data can be applied to discussion of petrogenesis to determine the origin of the 

compositional heterogeneity within the sheeted zone and throughout the pluton. 

An interpretation of sheeting: Paleovertical 

  The magmatic sheets in the Hortavær complex could have formed in 

several different intrusive environments.  One possible environment is a sheeted dike 

complex associated with an oceanic spreading center.  This interpretation would rely 

on the abundance of steeply-dipping magmatic sheets (modern orientations).  The 

formation of sheeted dike complexes results in asymmetry such that each dike is 

actually a half-dike with one chilled margin.  As successive dikes intrude, their outer 

margins quench against older dikes, resulting in very fine-grained minerals at dike 

margins.  Injection of magma into the ductile core of a dike splits the previous dike 

into two half-dikes with only one chilled margin.  In the sheeted zone of the Hortavær 

complex, only dioritic sheets have chilled margins, and some sheets are chilled on 

both margins, which means that the sheets were not split by successive intrusions. 

 Another possible intrusive environment is that of a magma transfer zone, as 

interpreted by Barnes et al. (2003).  This interpretation implies that the complex is the 

site of repeated injections of magmas of differing compositions on their ascent through 

the crust.  Vertical emplacement of magma as dikes, however, is not consistent with 

field observations reported here, which indicate that sheets were emplaced 

horizontally, as discussed below. 

 47



Texas Tech University, Lindy McCulloch, December 2007 

As in sedimentary rocks, flame- and load cast-like structures in plutonic rocks 

can be interpreted to be geopetal indicators (e.g., Wiebe and Collins, 1998; Harper et 

al., 2004).  In the interpretations of the aforementioned authors, felsic “flames” 

penetrate upward into subhorizontal sheets of mafic magma, so that the upward 

orientation of the flames and downward sagging of load casts provides evidence of 

paleovertical.  Load casts and flames are typically seen along contacts where a syenitic 

sheet is on the west side of the contact and a dioritic sheet on the east side.  In these 

cases, the load cast of diorite bulges westward into the syenite, and the syenitic flame 

intrudes eastward into the diorite.  These consistent orientations of flame- and load 

cast-like structures suggest that the sheets were originally horizontal and that their 

eastern sides were their original upper surfaces.  That is, the original “up” direction is 

presently to the east.  If so, then the sheets have been rotated ~90° to 130°.  In other 

words, some of the sheets are overturned.  If the sheets were dipping rather than 

horizontal, then the geopetal structures would consistently be at a high angle to the 

sheets instead of near perpendicular. 

Wiebe et al. (1997), Wiebe and Collins (1998), Bachl et al. (2001), and Harper 

et al. (2004) studied granitic plutons that were injected by pulses of mafic magma.  

Compositional, density, and viscosity contrasts resulted in ponding of mafic magma as 

sill-like sheets above basal granitic cumulates.  Subsequent and repeated injection of 

mafic magma resulted in upward growth of a stack of sills.  Thermal contrasts between 

hotter dioritic and cooler syenitic magmas caused mafic sills to quench along their 

lower margins, whereas the upper margins came into thermal equilibrium with the 

granitic magmas, produced enclaves, and mixed with their felsic hosts.  Geopetal 

structures in these systems are flames, load casts, and granitic pipes and diapirs that 

intrude mafic layers and are perpendicular to the layers (Wiebe, 1993).  These pipes 

cross-cut the chilled, lower margins of layers.  Wiebe (1988) noted that some mafic 

layers with chilled lower margins have upper margins that are contaminated by felsic 

magma; these mafic layers are separated from overlying felsic cumulates by a hybrid 

transitional layer. 
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 The geopetal structures in the Hortavær complex are interpreted to indicate that 

the mafic magmatic sheets were emplaced as sub-horizontal sills.  In this 

interpretation, injections of dioritic magma spread laterally over syenitic magmas of 

variable crystallinity.  As a result, some flame structures contain medium-grained 

syenite, whereas others contain coarse-grained syenite.  This suggests that at the time 

of each pulse of mafic magma, the syenitic magmas were in various stages of 

solidification.  The occurrence of this grain size variability in multiple levels of the 

intrusion argues for multiple injections of syenitic magma, as well as dioritic magma. 

Renewed emplacement of monzonite and syenite, along with continued 

injection of diorite, can be seen in the evidence for mutual intrusive relationships 

among all three magmas.  For example, sheets of syenite are cross-cut by sheets of 

monzonite and diorite.  Moreover, enclaves of all three rock types exist in sheets of the 

other two rock types (CHAPTER III), which is consistent with episodic magma injection 

into heterogeneous magmas.  Magmas of each of these compositions were emplaced in 

multiple stages.  Mingling features, such as enclaves and escape structures, indicate 

that syenite, monzonite, and diorite were co-magmatic. 

Geopetal structures indicate that the sheets are overturned.  Because the 

paleovertical direction can be estimated from the geopetal structures, the structural 

data plotted in FIGURE 3.2 (measured fold axes and poles to sheet attitudes and 

foliations) can be restored to their original orientations.  This was accomplished by 

rotatation about a mean vector calculated for the sheets that exhibit geopetal features 

(Fig. 6.1a).  The assumptions made to calculate the poles of rotation were that geopetal 

features, such as flame-like structures, were originally vertical and perpendicular to 

the sheets from which they emanated.  Hence, two rotations about two poles were 

required to get the sheets with geopetal features to plot horizontally, in the middle of 

the stereonet (Fig. 6.1a).  (The specific rotations are described below.)  It was also 

assumed that all the sheets were rotated the same amount, which is not the case 

because the dip steepens from west to east, indicating varying degrees of rotation 

within the pluton.  Furthermore, geopetal structure orientation can be cryptic in places 
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(Fig. 3.6b).  Though flame-like structures consistently are intruded to the east (modern 

coordinates), there is some variability in the exact direction they intruded.  Therefore, 

assuming that geopetal structures were exactly vertical and that sheets were exactly 

horizontal is not completely valid, unless later deformation obscured them.  This 

simplification, however, does allow for determination of approximate paleovertical 

direction, which is important in understanding emplacement of the pluton and 

subsequent overturning. 

Although the bases of flames are perpendicular to sheets, the tips of flame 

structures typically bend into parallelism with sheet contacts (Fig. 3.6b).  Because 

flame structures are commonly not entirely perpendicular to the sheets they intrude, it 

is possible that their inclination can provide information about syn-magmatic 

deformation of the pluton.  For example, radial inclination of flame structures away 

from a central axis would be consistent with deformation due to flattening from 

overburden pressure and/or outward magma flow.  Unidirectional orientation of flame 

inclination or orientation symmetric about an axis would suggest syn-magmatic 

folding as a deformation mechanism.  Because this study focused on a single part of 

the complex, a larger, areally comprehensive set of observations is necessary to make 

a definitive conclusion. 

Angles and poles of rotation were chosen to put the mean vector of the poles to 

sheets containing geopetal structures in the center of the stereonet.  Data were 

combined and poles were calculated using the Steroeplot program by Allmendinger 

(2002).  Poles to sheets and foliations were rotated 7° clockwise around a pole 90/000 

and then rotated counterclockwise 124° around a pole 00/000 (Fig. 6.1a).  These 

rotations resulted in the poles to planes with geopetal indicators clustered around the 

center of the stereonet (Fig. 6.1a).  Sheets and foliations in the north of the sheeted 

zone and the measured fold axes were rotated about these same axes (Fig. 6.1b).  Once 

the sheet and foliation data were rotated, another great circle was fit to the restored 

data (Fig. 6.1c).  The pole of that great circle (06/052) plots in the center of the cluster 

of restored fold axes (Fig. 6.1c). 
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Alkaline granite crops out in a zone in the far east, or top, of the pluton (Barnes 

et al., 2003).  Reconstruction of the complex to its original horizontal position 

indicates that the granitic dikes below the granitic zone were subvertical at the time of 

emplacement because they cross-cut sheeting at nearly right angles.  Therefore, these 

granitic dikes may be interpreted as magma conduits that fed the high-level granitic 

magmas.  The cross-cutting granitic dikes and the lack of mingling of granite with 

syenite, monzonite, and diorite leads to the interpretation that granite intruded the 

sheets when they were capable of brittle deformation, which is consistent with 

observations of mingling and diking in other plutons (Barbarin and Didier, 1992). 

Petrogenesis 

  The compositional diversity of the Hortavær complex complicates 

petrogenetic interpretations.  Magma emplacement as a series of pulses leads to 

questions about petrogenetic and geochemical relationships among magma types.  Are 

some of the intermediate rock compositions hybrids: the result of mixing of mafic and 

felsic end member magmas?  What role does assimilation/fractional crystallization 

(AFC) play in the petrogenesis of such a compositionally complex pluton? 

 Magma mixing is interaction of two or more magmas in which chemical and 

physical exchange lead to homogenization.  Mingling is a physical interaction among 

magmas that leads to heterogeneous and chemically distinct rocks.  Whether mixing or 

mingling occurs is dependent on relative temperatures, viscosities, compositions, and 

densities.  The prevalence of enclaves of felsic, mafic, and intermediate compositions 

in the complex indicates that magma mingling occurred, and suggests that mixing 

could also have occurred.  For example, the presence of enclaves increases surface 

area and thus exposure of one magma to other magmas, enhancing the possibility of 

chemical exchange via element diffusion or other mixing mechanisms.  The possibility 

that intermediate (e.g. monzonitic) magmas resulted from mixing of mafic and felsic 

ones is evaluated using relative major and trace element concentrations (Fowler, 1988; 

Tepper and Kuehner, 2004) and graphical tests developed by Langmuir et al. (1978). 
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Fractional crystallization can be evaluated on the basis of major and trace 

element variability, specifically the behavior of compatible and incompatible element 

abundances (Taylor, 1980).  Assimilation/fractional crystallization (AFC) was shown 

by Barnes et al. (2005) to be an important process in to the petrogenesis of diorite and 

syenite in the pluton.  All of the tests mentioned above were applied to rocks at 

Hortavær. 

Mixing 

 Simple magma mixing should produce linear compositional trends in 

binary element-element plots.  In such plots, hybrid compositions must lie on a mixing 

line between end-members, and the order of samples along this line must be consistent 

from one plot to another (Langmuir et al., 1978; Fichaut, 1989).   

The scatter of compositional data among dioritic samples and the enrichment 

of certain elements in monzonite relative to syenite and diorite indicate that the 

monzonitic rocks in the sheeted zone are not simple hybrids of syenitic and dioritic 

end members (Figs. 5.3 and 5.4).  These data suggest that magma mixing did not play 

a significant role in petrogenesis of the rocks analyzed, even though ample evidence 

for mingling is present in the sheeted zone.  The monzonite compositions shown in 

Figures 5.3 and 5.4 could potentially be cumulates, in which case mixing could be 

valid despite evidence for it being obscured by accumulation.  For example, 

accumulation of K-feldspar in a monzonitic magma could skew the mixing line and 

disguise the fact that mixing occurred.  Tests developed by Langmuir et al. (1978) 

provide a more rigorous way of evaluating mixing and may circumvent the issue of 

crystal accumulation.  If mixing occurred, a ratio-ratio plot – compatible to 

incompatible element ratio plotted versus an incompatible to compatible element ratio 

– would result in a strongly-curved hyperbolic trend.  Furthermore, companion plots 

would yield linear trends (Langmuir et al., 1978).  Companion plots utilize the same 

elements as the ratio-ratio plot, but the axes have the same denominator in their 

respective ratios.  For example, if the ratio-ratio plot is A/B versus C/D, the 
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companion plots are A/B versus D/B and C/D versus B/D, respectively.  

Compositional data from the Hortavær complex do not exhibit hyperbolic trends on 

ratio-ratio plots, and companion plots are not linear (Fig 6.2). 

Assimilation and fractional crystallization 

            Previous work (Barnes et al., 2005) provided isotopic evidence that 

carbonate and quartzofeldpathic rocks were assimilated by magmas in the Hortavær 

system.  An analysis of host rock assimilation in the study area is impossible due to a 

paucity of isotopic data. 

In contrast, it is possible to study the effects of fractional crystallization, which 

commonly accompanies the assimilation process (e.g., DePaolo, 1981).  Magmas that 

result from fractional crystallization should be enriched in incompatible elements and 

depleted in compatible elements relative to the parental magma (Poli et al., 1996).  In 

some rocks, however, compatible elements may increase with differentiation as a 

result of crystal accumulation (Dorais et al., 1990; Wiebe et al., 1997).  This trend is 

evident in the geochemical data at Hortavær (Figs. 5.6 & 5.7).  There is, however, lots 

of scatter in the plots and multiple possible curved trends from diorite to monzonite to 

syenite that could be the result of fractional crystallization (Figs. 5.6 & 5.7).  These 

data indicate that no single liquid-line-of-descent describes the petrogenesis of 

Hortavær; there had to be numerous crystal fractionation paths.  This complex 

compositional evolution is consistent with multiple pulses of magma emplacement and 

batch-like fractionation (e.g., Wiebe et al, 1997).  Harker diagrams restricted to sample 

data from the sheeted zone, however, display simple curved trends that can be 

explained by fractional crystallization (Bowen, 1956). 

Mingling 

  Mingling features at Hortavær are prevalent throughout the pluton.  

Enclaves and geopetal features alike indicate that the various rock types, with the 

exception of granite, were syn-magmatic.  This physical interaction between magmas, 

however, did not lead to chemical exchange to produce hybrid magma compositions, 
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as shown by the lack of chemical evidence for mixing.  Felsic, intermediate, and mafic 

magmas evidently had sufficiently contrasting physical properties, such as density and 

viscosity, to prevent them from mixing.  The most likely reason that mixing did not 

occur is the fact that thermal equilibrium is reached much more quickly than chemical 

or mechanical equilibrium (Barbarin and Didier, 1992).  Because enclaves were 

relatively small and the sheets relatively thin at Hortavær, thermal equilibrium 

between accumulated syenite and intruding diorite was most likely reached quickly.  

The equilibrium temperature was likely not high enough for hybridization to occur 

because each intrusion was relatively small and lost its heat.  This is particularly true 

of dioritic enclaves, which would be expected to be highly viscous at low 

temperatures, thus inhibiting chemical and mechanical homogenization (Barbarin and 

Didier, 1992). 

 The production of enclaves is typically associated with mechanical interaction 

of one magma with another and occurs when ductile “blobs” of one magma become 

enclosed or entrained in a different magma (Barbarin and Didier, 1992).  At Hortavær, 

density contrasts produced flame- and load cast-like structures: one form of 

mechanical mingling.  In many layered intrusions (Dorais et al., 1990; Barbarin and 

Didier, 1992; Wiebe et al., 1997; Tepper and Kuehner, 2004), the tops of mafic layers 

are marked by rounded, blob-like mafic enclaves in the host felsic rock.  In contrast, 

mafic enclaves at Hortavær are not rounded but instead are angular (Fig. 3.9). 

 These angular enclaves (CHAPTER III) evidently underwent brittle fracturing 

rather than the ductile mingling as magma blobs.  The anomalous shape of these 

enclaves begs the question of how and why they formed in a brittle rather than ductile 

way.  Assimilation of carbonate host rocks by the mafic magma resulted in a fluid 

phase, rich in CO2 (Marziano and Gaillard, in press).  Furthermore, the presence of 

amphibole in the mafic magma also requires that H2O was dissolved in the melt.  The 

presence of CO2 fluid causes exsolution of H2O dissolved in the magma.  The 

partitioned fluid escapes, causing the solidus temperature and viscosity to increase, 

which inhibits mixing.  The H2O and CO2 fluid is in equilibrium with dissolved H2O 
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in intruding diorite.  The H2O exsolves into the fluid phase resulting in undercooling.  

This undercooling causes the magma to become brittle (more viscous) and fragment 

during fluid loss, resulting in angular enclaves. 

Magma source 

  The variety of rock compositions in the Hortavær Igneous Complex 

raises the question of magma source.  Was there a single source of magma, and if so 

what was it?  Previous work in the region indicated that the diorite had a hydrated 

mantle source with the trace element signature of arc magmatism (Barnes et al., 2003).  

Isotopic modeling (Barnes et al., 2005) and geochemical studies (this chapter and 

CHAPTER IV) indicate that AFC processes, and not magma mixing, played the most 

significant role in the evolution of compositional diversity in this pluton.  The absence 

of a single fractionation path is consistent with a magmatic history in which many 

magma batches evolved along different paths and no single magma was the source of 

all the others.  Furthermore, the stratified nature of the pluton would suggest that a 

single magmatic source would evolve from the bottom up; no sequential, upward 

evolution trend, however, is evident (Fig. 6.3).  Evolution to granite represents an 

upward trend, but the mafic rocks, for example, do not have a uniform change from 

the bottom to the top of the pluton (Fig. 6.3). 

 Field relationships, such as cross-cutting sheets and prevalence of 

compositionally diverse sheets (Chapter III) indicate that the Hortavær complex did 

not exist as a large, uniform magma chamber, which would have undergone a 

sequential, unidirectional evolution that is not evident in the geochemical data (Fig. 

6.3).  Because assimilation is known to have affected individual magma batches 

(Barnes et al., 2005), and because the assimilated rocks are heterogeneous, it is 

probable that these heterogeneities contributed to the variable nature of igneous rocks 

in the Hortavær complex.  Assimilation of carbonate host rocks causes diorite to 

evolve to syenite (Marziano and Gaillard, written communication).  The multitude of 

sheets (Chapter III) and the many possible fractionation paths (Chapter IV) are 
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consistent with piecemeal growth of the pluton and episodic emplacement of magmas 

of dioritic, monzonitic, and syenitic compositions. 

Emplacement history 

 Magma intruded as a series of dioritic pulses, which interacted with 

carbonate and quartzofeldspathic host rock (Fig. 6.4; Barnes et al., 2005).  

Assimilation and fractional crystallization produced syenitic and monzonitic magmas, 

which extruded laterally as sheets into surrounding country rock.  This lateral 

emplacement may be explained as the effects of outward flow of magma (Fig. 6.5), 

similar to the emplacement of basaltic magma into crystal-rich granitic plutons as 

described by Wiebe and Collins (1998).  Continued pulse-like emplacement of dioritic 

magma and its differentiation to syenitic and monzonitic magmas produced a stack of 

syenitic, monzonitic, and dioritic sheets (Fig 6.6).  The alignment of igneous minerals 

in a magmatic foliation and the orientation of this foliation parallel to sheeting leads to 

the interpretation that foliation formed due to overburden pressure (flattening) and 

outward flow of sheets. 

 Foliation is defined by amphibole and plagioclase phenocrysts, along with the 

elongate direction of dioritic enclaves.  These elongate enclaves and the parallelism of 

sheets and foliation are consistent with formation of foliation due to overburden 

pressure.  The lack of lineation and other kinematic indicators, such as a change in the 

foliation fabric near the margins of magma pulses, suggests that the foliation was not 

formed by the magmatic flow that produced the sheets.  The foliation was likely 

formed after the sheets were emplaced.  In addition to mesoscopic foliation, 

microstructures such as igneous mineral alignment, the presence of straight and 

cuspate grain boundaries, deformation twins, and undulose extinction, indicate that the 

pluton underwent hypersolidus and subsolidus deformation (Paterson et al., 1989; 

Nicolas and Ildefonse, 1996; Yoshinobu and Hirth, 2002; Yoshinobu and Harper, 

2004; Vernon, 2004).  The alignment of igneous minerals that defines the foliation is 

the result of hypersolidus or near solidus deformation (Nicolas and Ildefonse, 1996; 

Vernon, 2004).  The deformation that produced undulose extinction, cuspate 
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boundaries, and deformation twinning likely occurred at subsolidus temperatures 

(Passchier and Trouw, 1996). 

After the sheets were emplaced and the foliation was formed, the entire 

intrusive complex was folded (Fig. 6.7).  Folding had to occur before overturning of 

the complex because the folds of individual sheets were ductile. The pole (39/308) to 

the average plane formed by the poles to magmatic sheets and foliations plots among a 

cluster of measured fold axes in the pluton (Fig. 3.2a).  This overlap is consistent with 

formation of the small-scale, s-shaped folds during the same strain event that folded 

the pluton.  In other words, the small folds could be interpreted as parasitic to a 

regional fold whose limbs are defined by the arcuate nature of sheet attitudes.  The 

southern limb is the N-S strike of sheets south of Dreplan, and the northern limb is the 

N30E strike of sheets north of Dreplan.  The N30E strike and westward dip also mean 

that the fold was synformal and then overturned (Fig. 6.7).  If the fold were an 

overturned antiform, the resultant outcrop pattern would have sheets that strike N30W 

instead of N30E. 

Subsequent block rotation of the pluton at least 90°E resulted in the steep W 

dip of the sheets.  Overturning may have occurred prior to solidification of the sheets, 

which would deform the geopetal structures as they reoriented in the new gravitational 

orientation.  The inclination that is present in the flame structures (CHAPTER III) could 

also have resulted from overburden pressure, or folding of the complex could be the 

reason many of the syenitic flames are bent southward after intruding eastward into 

diorite sheets (Fig. 6.8).  Overburden pressure would cause the flames to deform 

radially, whereas folding would deflect the flames symmetrically away from its axis 

(Fig. 6.8).  Flame deformation data is not available from both limbs of the fold, so a 

definitive answer is not possible at this time. 
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FIGURE 6.1B) All data restored to orientation prior 
to overturning of the pluton, using rotations 
from Fig. 6.1a. 
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FIGURE 6.1C) The pole to the average great 
 circle plots in the cluster of fold axes. 
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FIGURE 6.2. B & C) Companion plots; diorite, monzonite, and syenite compositions are 

very scattered. 

 62



Texas Tech University, Lindy McCulloch, December 2007 

40.00

45.00

50.00

55.00

60.00

65.00

70.00

0 0.5 1 1.5 2 2.5 3 3.5 4

distance from floor (km)

Si
O

2

syenite gabbro/diorite

A 

 

0

1

2

3

4

5

6

7

0 0.5 1 1.5 2 2.5 3 3.5 4

distance (km)

N
a2

O
/K

2O

syenite gabbro/diorite

B 

 

FIGURE 6.3. Samples (Barnes et al., 2003, 2005) from transect B (Fig. 2.3) plotted 

relative to their distance from the base of the pluton (i.e. its western margin). 
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FIGURE 6.3. No particular geographic/stratigraphic trend is evident that would explain 

the transition from syenitic to dioritic compositions in all three plots: A) SiO2 

variation, B) alkali composition, or C) Mg number. 
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FIGURE 6.4. Initial pulses of dioritic magma assimilated carbonate and 

quartzofeldspathic host rocks.  Subsequent fractionation produced syenitic and 

monzonitic magmas. 
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FIGURE 6.5. Syenitic and monzonitic magmas are extruded laterally from the pluton 

margins.  This outward flow of the magma produces sheets. 
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FIGURE 6.6. Continued injection of diorite, monzonite, and syenite produced a stack 

of sheets.  Flame- and load cast-like structures formed in unfoliated parts of the 

pluton.  In other parts of the pluton, strong foliation formed in the alignment of 

plagioclase and amphibole phenocrysts and elongate enclaves. 
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FIGURE 6.7. Folding of individual sheets suggests that they were ductile at the time of 

folding.  Subsequent rotation of the anticline ~100° to the east resulted in the observed 

orientation of sheets, with northern sheets striking roughly N30E and southern sheets 

striking roughly N-S. 
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cross sectional 
views 

FIGURE 6.8. If deformation of flame-like structures resulted from overburden pressure, 

then they would be flattened radially.  If flame deformation resulted from folding, then 

flames would bend symmetrically about the fold axis. 
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CHAPTER VII 

CONCLUSION 

  The Hortavær Igneous Complex is a lithologically heterogeneous, 

stratified pluton.  Compositional diversity resulted from batch-wise assimilation of 

carbonate and quartzofeldspathic host rocks and fractional crystallization.  Neither a 

single fractionation path nor chemical evidence for magma mixing are evident in the 

pluton.  Magma intruded the region as dioritic pulses, which is consistent with 

multiple fractionation events.  Assimilation and fractional crystallization produced 

monzonitic and syenitic magmas that intruded surrounding host rock as horizontal sills 

as the result of overburden pressure.  Continued injection of diorite resulted in dioritic 

sills interlayered with syenitic and monzonitic magmas.  Density contrasts among the 

magmas produced geopetal escape structures that indicate that paleovertical tilted 

from ~100° to 130°.  Foliation parallel to sheet contacts is defined by alignment of 

igneous minerals due to overburden pressure.  Microstructures indicative of 

hypersolidus and subsolidus deformation suggest that the foliation was formed at 

hypersolidus or near solidus temperatures and that the pluton was strained at 

subsolidus temperatures.  Folding of the sheets and folding of the pluton as a whole 

support this interpretation.  Subsequent to crystallization, the pluton was overturned at 

least 100°, so that once horizontal sills now dip steeply west. 
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TABLE A.1. Structural data with location 
Structure Strike Dip Location UTM  
foliation 150 36 W Kleppan 613398 7232316 
sheet 175 49 W Kleppan 613398 7232316 
sheet 8 74 W Kleppan 613398 7232316 
sheet 163 49 W Kleppan 613398 7232316 
sheet 150 36 W Kleppan 613398 7232316 
sheet 125 57 W Kleppan 613398 7232316 
dike 14 80 N Storkleppan 613629 7231659 
sheet 169 66 W Storkleppan 613629 7231659 
sheet 177 56 W Storkleppan 613629 7231659 
sheet 173 60 W Storkleppan 613629 7231659 
sheet 178 50 W Storkleppan 613629 7231659 
sheet 176 52 W Storkleppan 613629 7231659 
sheet 6 37 W Storkleppan 613629 7231659 
sheet 0 58 W Storkleppan 613500 7231770 
sheet 186 78 W Storkleppan 613500 7231770 
sheet 170 40 W Storkleppan 613500 7231770 
sheet 174 76 W Storkleppan 613500 7231770 
sheet 5 60 W Storkleppan 613500 7231770 
sheet 168 56 W Storkleppan 613500 7231770 
sheet 140 65 W Storkleppan 613500 7231770 
dike 7 47 W Storkleppan 613507 7231760 
foliation 155 56 W Storkleppan 613488 7231739 
veins 147 43 E Storkleppan 613478 7231731 
sheet 110 85 S Dreplan 613869 7232370 
sheet 19 42 E Dreplan 613869 7232370 
dike 22 56 E Dreplan 613869 7232370 
sheet 110 90 W Dreplan 613869 7232370 
dike 22 56 E W Dreplan 613869 7232370 
foliation 12 49 W W Dreplan 613869 7232370 
sheet 92 90 W Dreplan 613869 7232370 
veins 120 90 W Dreplan 613869 7232370 
sheet 113 52 N Lagoyskj  
dike 154 90 Lagoyskj  
foliation 100 35 N Lagoyskj  
banding 110 65 N Lagoyskj  
sheet 54 30 N Andersøya 613460 7233262 
foliation 82 42 N Andersøya 613460 7233262 
dike 55 67 S Andersøya 613460 7233262 
sheet 61 43 N Andersøya 613460 7233262 
foliation 82 42 W Andersøya 613460 7233262 
sheet 52 50 NE Andersøya 613460 7233262 
sheet 37 35 W Andersøya 613460 7233262 
sheet 44 46 W Andersøya 613460 7233262 
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Structure Strike Dip Location UTM  
foliation              72 53 W Andersøya      613460 7233262 
sheet 35 46 W Andersøya 613460 7233262 
dike 55 57 SE Andersøya 613460 7233262 
dike 115 70 S Andersøya 613502 7233228 
dike 25 44 W Andersøya 613502 7233228 
sheet              47 43 W Andersøya      613460 7233262 
foliation 88 51 N Andersøya 613537 7233229 
sheet 70 46 N Andersøya 613537 7233229 
sheet 61 33 W Andersøya 613537 7233229 
foliation 55 59 W Bovaroya 614341 7233309 
sheet 55 50 N Bovaroya 614341 7233309 
sheet 85 55 N Bovaroya 614208 7233150 
sheet 5 42 W Bovaroya 614208 7233150 
sheet 90 38 N Bovaroya 614208 7233150 
sheet 40 53 N Bovaroya 614208 7233150 
sheet 60 30 N Bovaroya 614014 7233481 
sheet 80 48 N island 614014 7233481 
dike 0 53 E island 613943 7233508 
veins 53 24 W island 613943 7233508 
foliation 90 33 N island 613943 7233508 
foliation 75 25 N m of 3 613859 7233623 
dike 60 21 E n of 3 614003 7233700 
foliation 58 62 W n of 3 614003 7233700 
dike 78 30 N n of 3 614078 7233742 
sheet 32 23 W n of 3 614078 7233742 
foliation 60 41 N n of 3 614113 7233803 
sheet 55 33 W s of 3 613719 7233586 
foliation 51 34 W s of 3 613719 7233586 
sheet 20 34 W s of 3 613752 7233625 
sheet 52 52 N s of 3 613752 7233625 
sheet 39 45 W s of 3 613752 7233625 
sheet 84 34 N s of 3 613752 7233625 
dike 35 50 E s of 3 613824 7233654 
dike 30 65 E s of 3 613779 7233566 
foliation 80 62 N s of 3 613779 7233566 
sheet 70 25 N Trollskj  
sheet 47 43 W Trollskj  
sheet 35 46 W Trollskj  
sheet 52 50 W Trollskj  
sheet 37 35 W Trollskj  
sheet 44 46 W Trollskj  
dike 115 70 S Trollskj  
dike 55 57 S Trollskj  
dike 25 44 W Trollskj  
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 Plunge Trend Location UTM  
 26 338 Andersøya 613537 7233229 
 21 310 Andersøya 613537 7233229 
 29 302 Andersøya 613537 7233229 
 45 304 Andersøya 613537 7233229 
 42 247 S OF 3 613752 7233625 
 46 276 S OF 3 613827 7233591 
 30 350 S OF 3* 613824 7233654 

TABLE A.2. Measured fold axes 
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HV01 
 
 HV01 is a fine-grained, foliated, hypidiomorphic granular clinopyroxene 
amphibole diorite.  The phenocrysts are clinopyroxene, amphibole, and plagioclase; 
the average phenocryst size is 0.5 mm.  Clinopyroxene phenocrysts are subhedral, 
occur as elongate and fractured grains parallel to the fabric, and have pale green to 
blue green pleochroism, angular grain boundaries, and undulose extinction.  
Amphibole phenocrysts are subhedral, occur as elongate grains parallel to the fabric, 
and have dark yellow to green brown pleochroism and cuspate boundaries.  Within 
amphibole aggregates, grain boundaries are straight and have 120° triple junctions.  
Plagioclase (An25) phenocrysts are anhedral, parallel to the fabric, and have secondary 
epidote/zoisite inclusions, mechanical and deformation twinning, cuspate grain 
boundaries, and undulose extinction.  Groundmass phases are plagioclase and the 
accessory phases – biotite, sphene, Fe-Ti oxides, and calcite.  Within the groundmass, 
albite twinning of elongate plagioclase parallels the mesoscopic foliation defined by 
phenocrysts, whereas twinning within granular plagioclase grains is randomly-oriented 
relative to the foliation.  Biotite is anhedral, pale to dark yellow pleochroic, and occurs 
within granular aggregates of amphibole.  Sphene is subhedral and fractured.  Oxides 
occur as anhedral grains and fill crystal fractures.  Calcite is anhedral, and 
epidote/zoisite occurs as secondary inclusions within plagioclase. 
 
Mineral  Modal % 
 
Plagioclase   45 
Amphibole  40 
Clinopyroxene  11 
Biotite   1.5 
Sphene   0.5 
Calcite   0.5 
Fe-Ti oxides  1 
Epidote  0.5 
 
 
 
 
 
HV02 
 
 HV02 is a fine-grained, homogeneous, equigranular, hypidiomorphic granular 
amphibole clinopyroxene monzonite.  The phenocrysts are amphibole, clinopyroxene, 
microcline, and plagioclase; the average phenocryst size is 0.5 mm.  Amphibole 
phenocrysts are subhedral, occur as granular crystals, and have dark yellow to brown 
pleochroism, and cuspate grain boundaries.  Clinopyroxene phenocrysts are subhedral, 
occur as elongate grains that parallel each other and define a cryptic fabric. 
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Clinopyroxene phenocrysts have green to blue green pleochroism, cuspate grain 
boundaries, undulose extinction, and amphibole overgrowths.  Clinopyroxene is 
fractured and zoned with pale green cores and blue green rims.  Microcline grains are 
anhedral, occur as granular aggregates with plagioclase, and have a microperthitic 
texture and sutured grain boundaries.  Plagioclase (An15) phenocrysts are anhedral, 
and have secondary epidote/zoisite inclusions, mechanical and deformation twinning, 
sutured grain boundaries, and undulose extinction.  The accessory phases are sphene, 
calcite, Fe-Ti oxides, and secondary epidote/zoisite.  Sphene is subhedral to euhedral, 
and has calcite inclusions and cuspate grain boundaries.  Calcite is anhedral and 
occurs as inclusions in feldspars and epidote.  Oxides occur as anhedral grains and 
have cuspate boundaries.  Secondary epidote/zoisite occurs as inclusions within 
feldspars. 
 
Mineral  Modal % 
 
Plagioclase  40 
Microcline  15 
Amphibole  15 
Clinopyroxene  22 
Sphene   2.5 
Calcite   2 
Fe-Ti oxides  0.5 
Epidote  3 
 
 
HV03 
 
 HV03 is a coarse-grained, fractured, foliated, sutured, seriate amphibole 
clinopyroxene syenite.  The phenocrysts are amphibole, clinopyroxene, and 
microcline; the largest phenocryst size is 3 mm.  Amphibole phenocrysts are 
subhedral, occur as elongate crystals parallel to the fabric, and have green to blue 
green pleochroism, and straight grain boundaries.  Clinopyroxene phenocrysts are 
subhedral, occur as clusters of fractured grains, and have yellow green to brown green 
pleochroism, straight grain boundaries, mechanical twins, undulose extinction, and 
amphibole overgrowths, which have acicular fibers at a high angle to the fabric.  
Clinopyroxene and feldspar grains form bands parallel to the mesoscopic foliation.  
Microcline phenocrysts are anhedral, occur as granular aggregates with exsolved 
plagioclase parallel to the fabric, and have secondary epidote/zoisite inclusions, 
mechanical and deformation twinning, cuspate grain boundaries, microperthitic and 
perthitic textures, and undulose extinction.  Groundmass phases are feldspars and the 
accessory phases – sphene, Fe-Ti oxides, and secondary epidote/zoisite.  Sphene is 
subhedral and has rounded grain boundaries.  Oxides are anhedral and have amphibole 
and epidote overgrowths.  Secondary epidote/zoisite occurs as inclusions within 
feldspars and oxides. 
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Mineral  Modal % 
 
Plagioclase  27 
Microcline  45 
Amphibole  10 
Clinopyroxene  15 
Sphene   2 
Fe-Ti oxides  0.5 
Epidote  0.5 
 
 
 
 
 
HV05 
 
 This monzonite is similar to HV02 except it has cuspate grain boundaries and 
feldspars have perthitic textures. 
 
 
 
HV07 
 This seriate diorite is like HV01, but it has different modal percentages.  
Plagioclase is An30. 
 
Mineral  Modal % 
 
Plagioclase  20 
Amphibole  32 
Clinopyroxene  33 
Biotite   12 
Epidote  2 
Calcite   1 
 
 
HV09c 
 
 HV09c is a fine-grained, equigranular, hypidiomorphic granular biotite sphene 
amphibole granite.  The phenocrysts are biotite, sphene, amphibole, felspars, and 
quartz; the average phenocryst size is 0.5 mm.  Biotite phenocrysts are subhedral and 
have light to dark brown pleochroism, and straight grain boundaries.  Sphene 
phenocrysts are subhedral to euhedral, occur as phenocrysts and crystal aggregates, 
and have straight grain boundaries.  Amphibole phenocrysts are subhedral, occur as 
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elongate and skeletal grains, and have green to blue green pleochroism and straight 
grain boundaries.  Skeletal grains are aggregates of biotite, amphibole, feldspar, 
oxides, and calcite.  Plagioclase (An20) phenocrysts are anhedral, occur as granular 
aggregates with microcline, and have secondary epidote/zoisite inclusions, mechanical 
and deformation twinning, sutured grain boundaries, perthitic and granophyric 
textures, and undulose extinction.  Quartz phenocrysts are anhedral and have cuspate 
boundaries.  The accessory phases are Fe-Ti oxides, calcite, and secondary 
epidote/zoisite.  Oxides occur as euhedral prisms and anhedral aggregates.  Calcite 
occurs as anhedral crystal aggregates, and secondary epidote/zoisite occurs as 
inclusions within feldspars. 
 
 
Mineral  Modal % 
 
Plagioclase  35 
Microcline  25 
Quartz   20 
Amphibole  8 
Biotite   2 
Sphene   6 
Calcite   0.5 
Fe-Ti oxides  1 
Epidote  0.5 
 
 
 
 
HV11 
 
 This seriate monzonite is similar to HV02, but it lacks clinopyroxene and has 
15% embayed garnet, which is orange brown, fractured, and up to 2 mm long. 
 
 
HV18 
 
 This porphyritic diorite is similar to HV01, but it has a microcrystalline 
groundmass and has 3% calcite and only 15% amphibole. 
 
 
HV19 
 
 This seriate monzonitic enclave is similar to HV02 but has biotite instead of 
microcline. 
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HV24 
 
 This sutured pegmatitic syenite is similar to HV03. 
 
 
HV25 
 
 This seriate monzonite is similar to HV02. 
 
 
 
HV27 
 
 This seriate, granular diorite is similar to HV01. 
 
 
HV28 
  

HV28 is a coarse-grained, foliated, sutured, seriate, hypididiomorphic granular 
clinopyroxene biotite amphibole monzonite.  The phenocrysts are clinopyroxene, 
biotite, amphibole, and microcline; the average phenocryst size is 2 mm.  
Clinopyroxene phenocrysts are subhedral, occur as fractured grains being replaced by 
amphibole parallel to the fabric, and have pale to medium green pleochroism, and 
cuspate grain boundaries.  Biotite phenocrysts are anhedral and have yellow to brown 
pleochroism, straight grain boundaries, and 120° triple junctions.  Amphibole 
phenocrysts are subhedral, occur as elongate grains parallel to the fabric, are fractured, 
and have pale brown to dark green pleochroism and straight grain boundaries.  
Microcline phenocrysts are anhedral to subhedral, contains exsolved plagioclase 
(An15) that is parallel to the fabric, and have secondary epidote/zoisite inclusions, 
mechanical and deformation twinning, cuspate grain boundaries, and undulose 
extinction.  Groundmass phases are feldspars, biotite and the accessory phases – 
sphene, calcite, Fe-Ti oxides, and secondary epidote/zoisite.  Sphene is subhedral to 
euhedral and is fractured.  Calcite is subhedral to euhedral and has straight grain 
boundaries.  Oxides occur as anhedral grains and have cuspate grain boundaries.  
Secondary epidote/zoisite occurs as inclusions within feldspars. 
 
Mineral  Modal % 
 
Plagioclase  45 
Microcline  5 
Amphibole  25 
Clinopyroxene  5 
Biotite   5 
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 83

Sphene   5 
Calcite   2.5 
Fe-Ti oxides  5 
Epidote  2.5 
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