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Abstract 

 The Sonju Lake Intrusion, located within the Beaver Bay Complex near Finland, MN, is 

the most completely differentiated intrusion related to the Midcontinent Rift System 

(Stevenson, 1974; Wieblen, 1982).  The Sonju Lake intrusion exhibits a cumulate stratigraphy 

consistent with closed system differentiation of tholeiitic magma by fractional crystallization 

(Stevenson, 1974; Miller et al., 1993; Miller and Ripley, 1996).  The Finland granite, composed of 

micrographic-textured ferromonzonite to leucogranite, forms the hanging-wall to the Sonju Lake 

intrusion and has geochemistry consistent with the Finland granite being a late stage felsic 

differentiate of the Sonju Lake intrusion (Miller and Green, 2002; Miller and Ripley, 1996).  

However, geophysical modeling of gravity and aeromagnetic data implies a volume of 

granophyre that approaches that of the Sonju Lake intrusion and therefore greatly exceeds the 

volume of felsic material that could be accounted for by differentiation of a mafic body of that 

size (Miller et al., 1990).   

 Miller and Ripley (1996) suggested that the Finland granite was emplaced first and acted 

as a density barrier to the upward movement of the mafic Sonju Lake magma.  Since 

underplating of the mafic magma would be expected to cause melting in the lower portions of 

the Finland granite, the lithologically and chemically gradational contact between the two 

bodies might instead represent a mixing zone between the mafic magma of the upper Sonju and 

the partially melted base of the Finland granite.  The major and minor element geochemistry of 

the Finland granite resembles an extreme differentiate of the Sonju Lake intrusion and 

precludes using lithogeochemical data to evaluate the extent of mixing between mafic and felsic 

magmas.   
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 The Finland granite and Sonju Lake intrusion have distinct and identifiable isotopic 

compositions of Nd.  Samples from the leucogranite range from -3 to -3.6 εNd at 1096 Ma with 

an average of -3.4 εNd for five samples (Vervoort and Green, 1997, Vervoort et al., 2007, this 

study).  Samples from the Sonju Lake intrusion, below the cumulus arrival of apatite, range from 

1.47 to -1.62 εNd.  The rocks above and including the uppermost cumulate layer of the Sonju 

Lake intrusion consistently exhibit decreasing values of εNd with increasing stratigraphic height 

closer to the Finland granite.  If the consistent isotopic signature of the leucogranite (-3 to -3.6 

εNd) is taken as the initial εNd of the Finland granite as a whole, it is clear that the underlying 

quartz ferromonzodiorite, with εNd compositions of -1.7 to -2, contains a more radiogenic Nd 

component attributable to the Sonju Lake intrusion.  The quartz ferromonzodiorite may be a 

late-stage differentiate of the Sonju Lake intrusion that assimilated non-radiogenic Nd from the 

Finland granite.  An assimilation-fractional crystallization model is presented to evaluate Nd 

isotopes in the upper portions of the Sonju Lake intrusion and overlying Finland granite.  From 

this model it is estimated that the Sonju Lake intrusion assimilated an amount of Finland granite 

equal to approximately 1-1.5% of the total mass of the Sonju Lake intrusion.   Anomalously 

negative εNd values for samples from the SLI-1 core that profiles the felsic-mafic contact west of 

the main exposure area are enigmatic.  
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1. Introduction 

 The Sonju Lake Intrusion, located within the Beaver Bay Complex near Finland, MN, is 

the most completely differentiated intrusion related to the Midcontinent Rift (Stevenson, 1974; 

Wieblen, 1982).  The Sonju Lake intrusion exhibits a cumulate stratigraphy consistent with 

closed system differentiation of tholeiitic magma by fractional crystallization (Stevenson, 1974; 

Miller et al., 1993; Miller and Ripley, 1996).  The Finland granite, composed of micrographic-

textured ferromonzonite to leucogranite, forms the hanging-wall to the Sonju Lake intrusion.  

Field relationships from outcrop and drill core through the Sonju Lake intrusion and the 

overlying Finland granite show a cyclic to irregularly gradational contact.  This relationship, the 

smooth compositional variations across the contact, and the parallel zonation of the two 

subunits of the Finland granite with the strike of the mafic cumulates of the Sonju Lake intrusion 

are consistent with the Finland granite being a late stage felsic differentiate of the Sonju Lake 

intrusion (Miller and Green, 2002; Miller and Ripley, 1996).  However, geophysical modeling of 

gravity and aeromagnetic data implies a volume of granophyre that approaches that of the 

Sonju Lake intrusion and therefore greatly exceeds the volume of felsic material that could be 

accounted for by differentiation of a mafic body the size of the Sonju Lake intrusion (Miller et 

al., 1990).   

Miller and Ripley (1996) suggested that the Finland granite was emplaced first and acted 

as a density barrier to the upward movement of the mafic Sonju Lake intrusion magma.  Since 

underplating of the Sonju Lake intrusion magma would be expected to cause melting in the 

lower portions of the Finland granite, the lithologically and chemically gradational contact 

between the two bodies might instead represent a mixing zone between the mafic magma of 

the upper Sonju and the partially melted base of the Finland granite.  Although radiogenic 
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isotope data imply that most granophyre bodies associated with the Midcontinent Rift likely 

formed by partial melting of pre-Keweenawan lower crust (Vervoort et al., 2007), the major and 

minor element geochemistry of the Finland granite resembles an extreme differentiate of the 

Sonju Lake intrusion.  This relationship, although seemingly fortuitous, nevertheless precludes 

using lithogeochemical data to evaluate the extent of mixing between mafic and felsic magmas.  

However, because the granite has an isotopic signature that is distinct from the mafic rocks of 

the Sonju (Vervoort et al, 2007 and unpublished data), a radiogenic isotope study has a better 

chance of assessing the extent of assimilation of the partially melted Finland granite by the 

Sonju Lake intrusion and the effect of this assimilation on the compositional evolution of the 

well differentiated Sonju Lake intrusion.  Assessing the extent of comingling between the 

Finland granite and the Sonju Lake intrusion using Sm-Nd, Lu-Hf, and Pb isotope data is the goal 

of this study. 

1.1 Regional Geologic Setting 

The Sonju Lake Intrusion and Finland Granite are intrusive components of the Beaver 

Bay Complex, which is a hypabyssal intrusive complex associated with the 1.1 Ga Midcontinent 

Rift (MCR) in northeastern Minnesota.  Stretching over 2000 km in two arms, the MCR extends 

from Kansas to western Lake Superior and from eastern Lake Superior to the Lower Peninsula of 

Michigan where it underlies the Michigan Basin (Figure 1 inset).  Along its arcuate path, the MCR 

cuts through crustal provinces ranging in age from 3.6 to 1.5 Ga.  In the Lake Superior region, 

the MCR occurs in the Archean Superior Province of the Canadian Shield, while south of the Lake 

Superior basin the host rocks are generally Paleoproterozoic (Van Schmus, 1992).  Rocks 

associated with rift fill are mafic to felsic volcanics, rift-related clastic sedimentary rocks, and 

igneous intrusions into the volcanic pile (Ojakangas, 2001).  Seismic profiles across Lake Superior  
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Figure 1. Generalized geology of northeastern Minnesota showing the location of the Sonju Lake 

Intrusion within the Beaver Bay Complex (from Maes et al., 2007).  Inset map shows the 

regional extent of igneous rocks within the Midcontinent Rift. 

(e.g. Cannon et al., 1989) are interpreted to indicate a total volcanic thickness of up to 20 km in 

axial portions of the rift.  The large volume of basalt associated with the MCR (~2×106 km3, 

Cannon, 1992), along with rapid eruption rates led to the generally accepted conclusion that the 

MCR is an example of flood basalt volcanism and lithospheric extension generated by the head 

of a starting mantle plume impacting the lower lithosphere (Hutchinson et al., 1990; Cannon 

and Hinze, 1992).  Buried throughout most of its extent, the rift is traceable through its arcuate 

length by its gravity and magnetic anomaly pattern.   The MCR is exposed only in the Lake 

Superior region.  In northeastern Minnesota, the MCR is comprised of two main lithologic suites 

- the North Shore Volcanic Group (NSVG) and the intrusive packages of the Duluth Complex and 

the Beaver Bay Complex (Miller and Chandler, 1997). 

 Active from 1112-1086 Ma, magmatism in the MCR is typically broken into four distinct 

stages termed the early, latent, main and late stages (Miller and Vervoort, 1996; Nicholson et 
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al., 1997; Davis and Green, 1997; Miller and Severson, 2002; Vervoort et al., 2007; and Heaman 

et al., 2007).  Based on U-Pb ages of lowermost volcanics in the western Lake Superior regions, 

the early magmatic stage was interpreted by Miller and Vervoort (1996) to have started at 1109 

Ma and lasted to about 1107 Ma.   However, recent U-Pb ages from mafic and ultramafic 

intrusion in the area around Thunder Bay suggest that the early stage may have started at 1112 

Ma or perhaps as early as 1120 Ma (Heaman et al., 2007).  In any event, this early stage 

magmatism is thought to represent the impact of a starting mantle plume head into the base of 

an initially brittle lithosphere.   The early stage began with large volumes of primitive, mantle-

plume derived magmas rapidly reaching the upper crust.   Crustal staging is evident later in the 

early stage by the appearance of more evolved and crustally contaminated mafic material and 

felsic magmas created by partial melting in the lower crust (Vervoort et al., 2007).  Evolved and 

contaminated mafic and anatectic felsic magmas where also emplaced into lower sections of the 

volcanic edifice to form early gabbro and felsic series intrusions of the Duluth Complex. The 

latent magmatic stage (1107-1102 Ma) is characterized by low magmatic activity that is 

exclusively felsic in the western Lake Superior basin.  This stage is interpreted to represent 

continued mantle plume upwelling and melting, leading to extensive crustal underplating and 

lower crustal melting, creating rheologic and density barriers that would inhibit access of mafic 

magmas to the upper crust, effectively shutting off mafic volcanism during the latent magmatic 

stage. 

 Noting that main stage  magmas are diverse in composition, erupted between 1102 and 

1094 Ma at moderate rates and, save for rhyolites and granophyres, show no evidence of crustal 

contamination, Miller and Vervoort (1996) interpreted this stage as representing the evacuation 

of large open-system staging chambers in the lower crust.  The contamination signatures 
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evident in the later early stage were evidently diluted by 1102 Ma presumably by continued 

input of mantle-derived mafic magmas into subcrustal chambers that ultimately became 

insulated from further crustal contamination  during the latent magmatic stage.  Most normal 

polarity volcanics and the dominant phases of Duluth Complex (anorthositic and layered series) 

were emplaced in the early main stage (1100-1098 Ma; Paces and Miller, 1993; Hoaglund, 

2010).    

Somewhat later during the main stage, the Sonju Lake intrusion and the Finland granite 

were emplaced in the medial sections of the NSVG volcanic pile. The Sonju Lake intrusion yields 

a U-Pb baddelyite age of 1096.1 ± 0.8 Ma (Paces and Miller, 1993).   U-Pb data from zircons in 

the Finland granite yield an age of 1098.2 ± 5.5 Ma (Vervoort et al., 2007).  The late magmatic 

stage (1094 to 1086 Ma) saw a rapid decline in volcanic activity due likely to the dissipation of 

the plume heat source (Davis and Green, 1997).  Continued subsidence of the rift graben during 

this stage resulted in deposition of clastic sediments interbedded with volcanic rocks.  

The North Shore Volcanic Group is predominantly composed of gently dipping (10° to 

20° east near Duluth and 10° south at Grand Portage) subaerial tholeiitic lavas that are semi-

continuously exposed along the lakeshore.  The volcanic pile has a stratigraphic thickness 

ranging from approximately 7.2 km in the northeast limb of exposure to 9.7 km in the southwest 

limb (Green, 2002).  NSVG lavas range from olivine basalt to rhyolite and are locally interbedded 

with rift-derived volcanogenic clastic redbed sediments (Green, 2002). 

Intrusive rocks associated with the MCR in northeastern Minnesota are subdivided into 

two main intrusive complexes, the Duluth Complex and Beaver Bay Complex, or are grouped as 

isolated miscellaneous intrusions (Miller et al., 2001).  The Duluth Complex intrusions were 

largely emplaced into the base of the NSVG volcanic pile, near the unconformity with Archean 
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and Paleoproterozoic rocks.  The Duluth Complex is a multiply intrusive body that is recognized 

as one of the largest layered mafic complexes in the world and is physically defined as a nearly 

continuous mass of mafic to felsic plutonic rocks extending in an arcuate fashion from Duluth to 

nearly the Canadian border (Fig. 1).  Rock types which compose the intrusions of the Duluth 

Complex include gabbroic anorthosite, troctolite, gabbro, and granophyric granite (Miller and 

Severson, 2002).   

 

Figure 2. Generalized geology of the Beaver Bay Complex, showing the location of the Sonju 

Lake intrusion and Finland granite.  Modified from Miller and Chandler (1997). 

 

The Beaver Bay Complex is defined by Miller and Chandler (1997) as including all 

intrusive igneous rocks along the Lake Superior shoreline from Split Rock Point to Grand Marais 

and as far as 20 kilometers inland, straddling the boundary between the southwest and 
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northeast limbs of the NSVG (Figs. 1 and 2).  The Sonju Lake Intrusion occurs in the south-central 

part of the Beaver Bay Complex.  Miarolitic cavities in the overlying Finland granite suggest 

shallow emplacement for the Finland and Sonju Lake intrusions.  Intrusions associated with the 

Beaver Bay Complex are generally hypabyssal and were emplaced at higher levels within the 

volcanic pile than the deeper-seated Duluth Complex intrusions.  Most Beaver Bay Complex 

intrusions are thin (less than 2 km thick) sheets and dikes that are more commonly separated by 

volcanic rocks, rather than by other intrusion as in the Duluth Complex.   

Intrusions of the Beaver Bay Complex, with the notable exceptions of the Sonju Lake 

Intrusion, Houghtaling Creek troctolite and Silver Bay intrusions, do not generally display 

cumulate textures or obvious signs of in situ differentiation (Miller and Severson, 2002).  Miller 

and Chandler (1997) distinguish 13 major intrusive units in the exposed area of the Beaver Bay 

Complex that together represent a minimum of six distinct intrusive events.  They also subdivide 

the Beaver Bay Complex into three geographical areas (southern, northern and eastern), on 

account of the uncertain correlation of units over the large area of the Beaver Bay Complex and 

the composite nature of most intrusions.   Intrusions of the southern Beaver Bay Complex were 

emplaced in the uppermost exposed stratigraphic portions of the southwest limb of the North 

Shore Volcanic Group.  The southern Beaver Bay Complex is host to five major intrusive units 

and several smaller bodies.  These intrusions, from oldest to youngest, are the Lax Lake 

gabbro/Blesner Lake diorite, the Finland granophyre, the Sonju Lake intrusion, the Beaver River 

diabase and the Silver Bay intrusions (Miller and Chandler, 1997). 

1.2  Geology of the Sonju Lake Intrusion and Finland Granite 

The first to note the layered nature of the rocks in the vicinity of Sonju Lake were Grout 

and Schwartz (1939).  The well-differentiated character of the Sonju Lake intrusion was first 
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described in detail in an MS thesis by Stevenson (1974).  Stevenson (1974) described the 

strongly differentiated nature of the layered intrusion and compared it to the Skaergaard 

Intrusion, the type example of closed system differentiation of a tholeiitic magma (Wager and 

Brown, 1967).  Between 1988 and 1990, the Sonju Lake intrusion was mapped by the Minnesota 

Geological Survey as part of a USGS-sponsored Cooperative Geologic Mapping Program 

(COGEOMAP) project.  A 1:24,000 geologic map of the Finland and Doyle Lake 7.5” quadrangles, 

which includes the Sonju Lake intrusion, was produced from this mapping by Miller et al. (1993).  

Petrologic studies of the Sonju Lake intrusion by Miller and Ripley (1996) and Miller and 

Chandler (1997) confirmed Stevenson’s (1974) conclusions that the Sonju Lake intrusion 

represents nearly closed-system differentiation of an evolved tholeiitic mafic magma by 

fractional crystallization from the bottom up.  The economic mineral potential of the Sonju Lake 

intrusion in the form of stratiform platinum group element mineralization (PGE reefs) was 

initially evaluated by Miller (1999) and Miller et al. (2002), and more thoroughly in an MS thesis 

by Joslin (2004).  The salient results and conclusions of these studies will be summarized below.  

1.2.1 Field Geology of the Sonju Lake Intrusion 

The Sonju Lake intrusion is a gently south- to southeast-dipping (15° to 30°) 1,200m 

thick sheet-like intrusion formed of layered mafic cumulates.  The Sonju Lake intrusion is 

exposed in outcrop over a 9 km2 thickly forested area around Sonju Lake (Fig. 3).  The distinctive 

aeromagnetic signature of the Sonju Lake intrusion indicates that the intrusive sheet extends to 

the west and southwest beneath thick glacial drift on a curved path with a strike length of at 

least 20 km (Miller et al., 1993).  The anomalies suggest a nearly constant thickness over that 

distance.   



 

 9 

The eastern boundary of the Sonju Lake intrusion is truncated by a 250 meter wide dike 

of Beaver River diabase, the most extensive unit within the Beaver Bay Complex (Miller and 

Chandler, 1997).  The Beaver River diabase is a composite dike and sill swarm that ranges in 

composition from moderately evolved olivine gabbro to ferromonzodiorite.   Possibly associated  

 

 

Figure 3.  Geology of the Sonju Lake intrusion and Finland granite showing sample and drill core 
locations analyzed in this study.  Samples E234A, E248R, E250 and F326 were previously 
analyzed for Nd isotope ratios by Vervoort (unpublished data).  Map units in the poorly-
exposed, western part of intrusion are generalized into troctolitic (yellow) and gabbroic 
(brown) zones.  Modified from Miller et al. (1993).  

 

with the Beaver River diabase is a set of narrow dikes that cut the Sonju Lake intrusion and have 

an orthogonal orientation to the main Beaver River diabase dike (BRD-SLI hybrid dikes, Fig. 3).  

They are termed diorite-granophyre hybrid dikes on the geologic map by Miller et al. (1993) and 
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appear to exhibit various degrees of mixing and assimilation of mafic and felsic magma.  Miller 

and Ripley (1996) suggest that these dikes may represent incomplete mixing of mafic magmas 

from the Beaver River diabase and residual felsic melts derived from the upper portions of the 

Sonju Lake intrusion. 

The Sonju Lake intrusion is in intrusive contact at its base with a complex mixture of 

gabbroic to dioritic rocks, granophyre and volcanic hornfels.  The contact is identified in drill 

core (SNA-1, Fig. 3) as a fine-grained, homogeneous, moderately laminated melatroctolite in 

sharp contact with a coarse-grained, modally macrolayered troctolite to olivine gabbro.  The 

fine-grained melatroctolite (slmt, Fig. 3) is not a chilled liquid composition, but rather is an 

adcumulate of Fo79 olivine and An81 plagioclase.  Olivine mode in the melatroctolite gradually 

increases upwards until it becomes a dunite (sld, Fig. 3) 70 m from the basal contact.  This nearly 

pure olivine adcumulate unit (sld) is recognized as the base of the main cumulate sequence.  

Miller and Ripley (1996) interpreted the presence of the melatroctolitic adcumulate in the lower 

contact zone of the Sonju Lake intrusion as an indication that the parent magma intruded warm 

country rock; however, the footwall rocks were able to provide a sufficient heat sink to allow 

the magma to crystallize plagioclase close to the contact due to greater undercooling.    

Like the layered series of the classic Skaergaard intrusion (Wager and Brown, 1967), the 

main cumulate sequence of the Sonju Lake intrusion can be divided on the basis of the 

sequential cumulus “arrivals” of various primocryst phases (Miller et al., 1993).  The cumulus 

arrival of a mineral phase is taken to be the change from interstitial textures (poikilitic, 

subpoikilitic, anhedral granular) and relatively low modal abundances to subhedral granular 

textures and near cotectic modal proportions.  Five cumulate units are defined in the Sonju Lake 

intrusion between the lower marginal zone (slmt) and upper marginal zone (slmd, Figs. 3 and 4).  
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These units are based on the successive cumulus arrivals of olivine, plagioclase, augite, Fe-Ti 

oxide and apatite.  The base of the cumulate sequence is an olivine adcumulate (dunite) unit 

(sld, Figs. 3 and 4).  At the top of the 12m thick dunite unit, poikilitic oikocrysts of plagioclase are 

replaced by lath-shaped, well aligned crystals, defining the base of the 400m-thick troctolite unit 

(slt, Fig. 3 and 4).  At the top of the troctolite unit, augite habit transitions from coarsely ophitic 

to anhedral granular over a 3 meter interval, marking the arrival of cumulus augite in the gabbro 

unit (slg, Figs. 3 and 4).  Olivine mode in this unit varies non-systematically between <2 to 20% 

and inverted pigeonite abundance ranges between 2 to 6%.  The transition to the 370 to 400 

meter-thick oxide gabbro unit (slfg) is marked by the abrupt increase in modal percentage and 

change in habit of ilmenite and titanomagnetite (Figs. 3 and 4).  Fe-Ti oxides increase in modal 

percentage from 3% to 8-12% and change in habit from subpoikilitic to anhedral granular.  Both 

oxide minerals occur throughout the unit as anhedral granular phases, though titanomagnetite 

dominates in the lower part of the unit and ilmenite dominates in the upper part.  The 

appearance of Fe-Ti oxide coincides with the nearly complete disappearance of olivine.   Where 

olivine does occur, it composes less than 2% of the unit and is coarse grained, altered and 

irregularly shaped.  The oxide gabbro unit is texturally and modally homogeneous throughout its 

thickness with the exception of rare intervals of modal layering.   
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Figure 4. Stratigraphic variations of measured modal mineralogy, average cumulus mineral 
mode, measured cryptic variations in Fo in olivine and En’ (=mg#) in augite, and 
incompatible element ratios.   The horizon labeled “CM” marks a break in texture and 
mineral mode that Miller and Ripley (1996) interpreted as possibly indicating evidence 
of a minor recharge event.  Mineral abbreviations are O-olivine, P-plagioclase, A-augite, 
F-Fe-Ti oxide, Ap-apatite, Hb-hornblende, Gp-granophyre.  Also shown are the cumulus 
arrival positions and the cryptic variation in olivine and augite composition calculated by 
the Chaos 2 fractional crystallization model of Nielsen (1990) (modified from Miller and 
Ripley, 1996).  
 

The uppermost cumulate unit is an apatite olivine ferrodiorite (slad, Figs. 3 and 4) that is 

characterized by the presence of 3-4% cumulus apatite and the reappearance of olivine with an 

Fe-rich composition (<Fo25).  This apatite olivine ferrodiorite is a five-phase mesocumulate of 

plagioclase, augite, Fe-Ti oxide, olivine, and apatite.   The apatite olivine ferrodiorite grades 

upward into an apatitic olivine ferromonzodiorite unit (slmd, Fig. 3 and 4) by an increase in 

granophyre, a coarsening, and a loss of foliation.  In the field, this unit is observed to be 
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generally composed of a coarse-grained, poorly foliated to non-foliated, apatitic olivine 

ferrodiorite to ferromonzodiorite with 5% to 30% granophyric mesostasis.  In core SLI-1, drilled 

approximately 5 kilometers west of the main exposure area  (Fig. 3), the contact between  

medium, foliated apatitic ferrodiorite and coarse, poorly foliated ferromonzondiorite lithologies  

are observed to be more gradational and cyclical (Meints et al., 1993) see Fig. 5).    

The Finland granite forms the hanging-wall of the Sonju Lake intrusion.  Two general 

units compose the granite and occur in two major zones that parallel the strike of cumulate 

layers in the underlying Sonju Lake intrusion (Miller et al., 1993).  A mottled pink to green, 

medium- to coarse-grained, micrographic quartz ferromonzodiorite forms the outer (lower) 

zone of the Finland granite and grades into the main central (upper) phase of the Finland 

granite, which is a pinkish orange, strongly micrographic leucogranite containing abundant 

miarolitic cavities (Miller and Ripley, 1996).  The Finland granite is in intrusive contact with the 

older Lax Lake gabbro on its southern margin and is truncated by the Beaver River diabase on its 

eastern flank (Figs. 2 and 3).   

The contact between the olivine ferromonzodiorite unit of the Sonju Lake intrusion and 

the prismatic quartz ferromonzodiorite of the Finland granite seems very gradational in the 

field.  The contact observed  in the SLI-1 drill core, however, is abruptly gradational over several 

centimeters and is marked by a loss of poikilitic olivine, a change in pyroxene texture from 

subprismatic to prismatic, and an increase in micrographic quartz and alkali feldspar 

(granophyre) to greater than 20%  (Miller et al., 1995).  As the petrogenetic relationship of the 

Sonju Lake intrusion and the Finland granite is the focus of this study, the significance of this 

contact will be discussed below.   
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Figure 5. Lithologic log of drill core SLI-1 through the upper part of the Sonju Lake intrusion 
(from Meints et al., 1993) 
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1.2.2 Petrology of the Sonju Lake intrusion 

 The absence of a chilled margin from which to obtain a possible parental composition 

for the intrusion prompted Miller and Ripley (1996) to calculate the parent magma composition 

of the Sonju Lake intrusion by a weighted sum of its chemostratigraphy.   Because the Sonju 

Lake intrusion has a sheet-like shape with crystallization evidently progressing in a unidirectional 

fashion from the floor up, the bulk composition of a column of rock through the Sonju should be 

a close approximation of the total composition of the intrusion and, if a closed system, of the 

Sonju Lake intrusion parent magma.   Miller and Ripley’s (1996) estimated parent magma, 

shown in Table 1, is a moderately evolved olivine tholeiite with an mg# of 50.2 and TiO2 and K2O 

weight % concentrations of 2.28 and 0.55, respectively.  

Applying this estimated parent magma composition to the Chaos 2 fractional 

crystallization model of Nielsen (1990), Miller and Ripley (1996) were able to reproduce the 

basic phase and cryptic layering of the Sonju Lake intrusion by moderately efficient fractional 

crystallization (Fig. 4).  The best fit to the observed cumulus arrivals and cryptic layering was 

accomplished by assuming 30% trapped liquid with each 2% crystallization step, which is 

consistent with the overall mesocumulate character the Sonju Lake intrusion.  The success of  

 
Table 1. Parent magma of the Sonju Lake intrusion, estimated from bulk composition by Miller 
and Ripley (1996) 
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this modeling provided an independent check on the validity of the Sonju Lake intrusion parent 

magma estimate and the closed nature of Sonju Lake intrusion crystallization. 

 Miller and Chandler (1997) built on Miller and Ripley’s (1996) calculation of the bulk 

composition by calculating an empirical liquid line of descent for the Sonju Lake intrusion (Fig. 

6).  Using the same assumptions about the tabular shape, unidirectional crystallization, and 

closed nature of the intrusion, they estimated the composition of the differentiated magma at 

various  

 

 
Figure 6.  AFM diagram (Na2O+K2O-FeO-MgO, wt.%) of  liquid line of descent of the Sonju Lake 

intrusion through the layered sequence.  Liquid line of descent of the Skaergaard 
intrusion (Wager and Brown, 1967) shown as solid line.  Whole rock compositions of 
Finland granite (frg) and quartz ferromonzodiorite (frpm) are also plotted.  Modified 
from Miller and Chandler (1997).  
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levels in the intrusion by calculating the composition of the column of rock above each level 

using weighted mass balance equations.   

 

1.2.3 Comparison to the Skaergaard Intrusion 

Similarities between the Sonju Lake intrusion and the Skaergaard intrusion in east Greenland 

(Wager and Deer, 1939), which has been described as the classic example of closed system 

fractional crystallization (Wager and Brown, 1967), were first recognized by Stevenson (1974) 

and have become more apparent with each successive study.    The Skaergaard intrusion was 

emplaced in a geologic setting that was similar to that of Sonju Lake intrusion and other 

intrusions related to the Midcontinent Rift.   The Skaergaard was emplaced into the lower 

section of Tertiary basalts related to the plume-influenced rifting of the North Atlantic Igneous 

Province (Brooks et al., 1991).  The Skaergaard and the Sonju Lake intrusions are both 

interpreted to have formed by nearly closed system fractional crystallization of a moderately 

evolved aluminous, olivine tholeiitic parent magma. Both intrusions display a cumulus 

stratigraphy following the scheme: Ol + Pl  Pl + Cpx + Ol  Pl + Cpx + FeOx ± Ol/Pig  Pl + Cpx 

+ FeOx + Ol + Ap (Fig. 7) and have a strong cryptic layering towards iron-enrichment (Figs. 6 and 

7).   

The Sonju Lake and Skaergaard intrusions are also similar in that they both contain 

stratiform platinum-group element (PGE)-mineralized intervals (reefs) hosted by oxide gabbro 

cumulates (Fig. 8).   Following on a report of anomalous palladium and gold in the oxide gabbros 

of the Middle Zone of the Skaergaard intrusion, called the Platinova reef (Andersen et al., 1998), 

Miller (1999) reported the discovery of PGE-enriched zone hosted within homogeneous oxide 

gabbro cumulates (slfg unit) of the Sonju Lake intrusion.  Based on scattered outcrop samples,  
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Figure 7.  Comparison of generalized igneous stratigraphy and stratigraphic variation of mg # in 
pyroxene in the Skaergaard and Sonju Lake intrusions.  Note scaling differences in 
stratigraphic height (in meters).  Skaergaard data from Wager and Brown (1967); Sonju 
Lake data from Miller and Ripley (1996).   

 

the PGE-rich zone in the Sonju was found to occur just below a horizon where copper 

abundance increased from <100 ppm to > 400 ppm.  This horizon of increased Cu was 

interpreted as indicating the level of crystallization (~60%) where the Sonju Lake magma had 

reached sulfide saturation.   
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A petrographic and geochemical study by Joslin (2004) of three exploration cores drilled 

in 2002 through the PGE-enriched zone confirmed  the existence of a zone of anomalous Pd and 

Pt concentrations below an abrupt increase in Cu concentration (Fig. 8C).  The precious metal 

zone, as Joslin (2004) called it, is approximately 85 m thick with Pd + Pt concentrations in 1m-

thick samples ranging from 50 to 500 ppb meters.  The zone is variably displaced 0-10m below 

the sharp increase in Cu abundance, which also corresponds to an anomalous increase in gold 

(up to 1 ppm).  Peaks in platinum concentration (275 ppb maximum) are offset above two 

dominant peaks in palladium (labeled 1A and 1B in Figure 8-C); the maximum palladium 

concentration measured was 410 ppb.  Above the Cu-Au break, all precious metals are strongly 

depleted. The depletion of Pd above the precious metal zones in both the Sonju Lake and 

Skaergaard is particularly noteworthy as it demonstrates the closed nature of the two systems, 

at least after the sulfide saturation event that clearly produced the PGE reefs. 

 

Figure 8. Comparison of stratigraphic variations in PGE concentration in the Skaergaard and Sonju Lake 

intrusions.   A) Skaergaard Pd data from Andersen et al. (1998).  B) Sonju Lake Pd data from 
Miller (1999).  Figures A and B from Miller et al. (2002).  C) Chemostratigraphy of Cu, Au, Pd, and 
Pt concentrations in 1m thick samples through core SL02-1 from Joslin (2004).  The approximate 
stratigraphic section profiled in core SL02-1 relative to the overall stratigraphy of the Sonju Lake 
intrusion is shown by the rectangle. 
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2.   Statement of Problem and Objectives 

Miller and Ripley (1996) suggested that the Finland granophyre may have acted as a 

density barrier to the ascending parent magma of the Sonju Lake Intrusion.  In this case, the 

mafic magma of the Sonju Lake intrusion underplating the felsic body should have led to melting 

of the lower portions of the Finland granophyre.  Indirect evidence that the lower contact of the 

granite melted is the lack of an upper mafic chill zone equivalent to the Upper Border Series of 

the Skaergaard.  Marsh (1988) pointed out that crystals will be incapable of being captured in 

the upper part of a mafic magma sheet that is capped by a felsic melt.  Contrasting viscosities 

between the gabbroic magma and the felsic melt would have inhibited assimilation, especially in 

a quiescent closed magma system.  However, the existence of an irregularly to cyclically 

gradational contact in the transition zone (Fig. 5) is evidence that some degree of mixing did 

occur.  The extent of assimilation and mixing across the boundary of these two bodies, its 

subsequent affect on the compositional evolution of the well differentiated layered mafic Sonju 

Lake intrusion, and the amount of granophyre that may or may not represent a felsic melt 

derived from differentiation of the Sonju Lake intrusion are some of the problems that are 

addressed by this study. 

Although mineralogy and major and trace element geochemistry are often useful tools 

for evaluating the amount of mixing and assimilation involved between two magmatic systems, 

this method cannot be used effectively here.  As shown in Figure 4, cryptic variations of solid 

solution minerals smoothly transition from the Sonju into the Finland granite.  More 

significantly, incompatible trace element ratios show no significant difference across the contact 

(Fig. 4D).  With previous Nd isotope data acquired from the Finland granite and Sonju Lake 

intrusion (Vervoort et al., 2007 and unpublished data) showing that the two units have distinct 
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isotopic signatures,  an evaluation of radiogenic isotope ratios across the Finland– Sonju Lake 

contact would seem to be a promising method for evaluating the extent of assimilation between 

the two systems.    

While Miller and Ripley (1996) and Miller and Chandler (1997) acknowledge and even 

predict that assimilation likely took place in the upper Sonju Lake intrusion, the parent magmas 

and liquid line of descent they calculated had no way of incorporating or defining the amount of 

assimilation that affected the uncontaminated Sonju Lake magma.  Consequently, by choosing 

the top of the olivine ferromonzodiorite (slmd unit) as the geochemical roof of the intrusion, 

they included rocks that the results of this study now indicate had been contaminated by the 

Finland granite and left out rocks that appear to have a significant isotopic component of the 

Sonju Lake intrusion.  The parent magmas calculated by those authors are estimates of the bulk 

composition of a contaminated Sonju Lake intrusion and do not actually represent the 

uncontaminated parent magma.   This study attempts to recalculate the bulk composition and 

liquid line of descent of the Sonju Lake intrusion, first using additional whole rock data and the 

same assumptions as Miller and Ripley (1996) and Miller and Chandler (1997).  Secondly, a new 

bulk composition will be calculated with a new roof of the intrusion as defined by isotope data.  

This bulk composition will also be contaminated by the Finland granite, but will carry an 

estimate of the fraction of granite that was assimilated into the Sonju Lake magma.  

The overarching goal of this study is to gain a general understanding of the physical and 

chemical processes that operate during emplacement of mafic magma into a felsic hypabyssal 

environment, which occurs often throughout the MCR.  The main objective of this work is to 

evaluate the extent of assimilation between the Finland granite and Sonju Lake Intrusion using 

radiogenic isotope data.   A fundamental question to be addressed by this study is, to what 
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extent is the well-differentiated character of the Sonju Lake intrusion attributable to fractional 

crystallization versus assimilation of felsic partial melts of the Finland granite.  This question will 

be addressed by applying the isotope data to simple mixing models and assimilation-fractional 

crystallization models to determine the dominant processes affecting the compositional 

evolution of the Sonju Lake intrusion.   

3. Methods 

 Several methods of investigation were undertaken to accomplish the goals and 

objectives of this study that were discussed in the previous section.  Firstly, isotope ratios were 

measured from samples chosen from the Sonju Lake intrusion and Finland granite for the Sm-

Nd, Lu-Hf and common Pb isotope systems. Secondly, the isotope ratios of Nd were 

incorporated into a model of fractional crystallization that includes assimilation of the Finland 

granite.  Finally, using new and previously acquired whole rock data, new bulk compositions and 

liquid lines of descent were calculated for the Sonju Lake intrusion based on the constraints 

implied by the isotope data.  A description of these procedures is provided below. 

3.1 Sample Selection 

 A total of 21 samples were collected from outcrop and drill core for a detailed isotopic 

study across the Sonju Lake intrusion and Finland granite (Table 1, Figs. 3 and 5).  Nd isotope 

data were available for eight samples from previous unpublished work (Vervoort, unpublished 

data).  Samples were selected to obtain coverage across the cumulate units of the Sonju Lake 

intrusion (Fig. 3).  Special attention was given to the SLI-1 drill core (Fig. 5) and the boundary 

between the two intrusions that the core is thought to represent.  The strategy was intended to 

build an isotopic profile from the floor of the Sonju Lake intrusion upwards into the Finland 
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granite.  Such a strategy should allow for the determination of where and whether the isotopic 

signature of the Finland appears in the Sonju Lake intrusion.  

 Eight outcrop samples were selected, starting in the troctolite (slt) unit in the lower 

Sonju Lake intrusion and increasing in stratigraphic height until reaching the olivine 

ferromonzodiorite (slmd ) unit (Fig. 3).  Three samples were also taken from the PGE exploration 

core, SL02-1, drilled into the ferrogabbro (slfg) unit.  These included two ferrogabbro samples 

and a sample of a granitic dike that was interpreted to be related to the BRD hybrid dikes (Joslin, 

2004).  Troctolite from the SNA-1 drill core was also selected for Pb analysis.  Finland granite 

samples were collected from the AC-1 drill core.  Two of the three samples were of prismatic 

quartz monzonites and the other was a leucogranite.  Five apatite ferrodiorite samples were 

collected from the SLI-1 drill core (Fig. 5), which is located five kilometers to the west of the 

outcrop samples (Fig. 3).  A sample of the Beaver River diabase was also collected to test the 

interpretation that the BRD hybrid dikes were the result of mixing of the Sonju Lake intrusion 

and the Beaver River diabase. 

3.2 Radiogenic Isotope Analyses and Modeling 

 The isotope systems selected for this study were chosen based on the appropriate fit of 

the attributes of each system to solving the problem at hand.  The Sm-Nd system is more 

suitable for use in mafic systems than Rb-Sr, which is better applied to granitic rocks.  Sm and Nd 

are not mobile elements, so the system is difficult to disturb with weathering and 

metamorphism, which is another advantage over the Rb-Sr system.  The Lu-Hf system is similar 

to the Sm-Nd system, but is even more robust and also more sensitive as an isotopic tracer.  Pb  
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isotopes are more sensitive to crustal contamination than Nd (Dickin, 2005).  The combination 

of these three systems as tracers can be used to separate the Sonju Lake intrusion and Finland 

granite, as well as provide information about their separate sources.   

3.2.1 Sm-Nd, Lu-Hf and Pb Isotope Systems 

 Samarium and neodymium are both light rare earth elements with ionic radii of 1.08 Å 

for Nd+3 and 1.04 Å for Sm+3. The larger radius of Nd+3 gives it a lower ionic potential than Sm+3 

and leads to the formation of weaker ionic bonds that are broken more easily.  Thus, while the 

concentrations of both elements increase with increasing differentiation in igneous rocks, Nd is 

concentrated relative to Sm during fractional crystallization and partial melting events as it is 

slightly more incompatible (Faure, 2005). 

 The alpha decay of 147Sm to 143Nd provides a useful geochronometer.  The growth of 

radiogenic 143Nd by the decay of 147Sm is described by the decay equation: 

 

where i stands for the initial abundance at time t , which is the age of the system.  The equation 

is presented as ratios to 144Nd, which is a stable and abundant isotope of neodymium and 

remains unchanged over time in systems closed to Nd. The decay constant for 147Sm, λ, has a 

value of , corresponding to a half-life of 106 Byr (Lugmair and Marti, 1978a). 

 Because the relative concentration of Sm, specifically the parent isotope of 147Sm, to Nd 

is higher in a fractionating solid phase or a residual solid compared to the magma from which it 

crystallized, less evolved rocks will produce more radiogenic Nd over time.  During fractional 

crystallization no mass fractionation occurs.  Fractionating phases will have identical initial ratios 
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of 143Nd/144Nd as the magma from which they crystallized.  However, higher Sm/Nd ratios in the 

early crystallized phases will lead to higher present day ratios of 143Nd/144Nd.  

 Lutetium is a heavy rare earth element with two naturally occurring isotopes, 175Lu and 

176Lu.   Hafnium is a high field strength element that resembles zircon in its chemical behavior.  

176Lu produces 176Hf by beta emission as well as 176Yb by electron capture.  176Yb is largely 

ignored because of the long half life of 176Lu and the frequency of electron capture is less than 

four percent.  176Hf is one of six isotopes of hafnium and makes up 5.2% of all hafnium.   

 The growth of radiogenic 176Hf by the decay of 176Lu is described by the decay equation: 

 

where i  again stands for the initial abundance at time t , which is the age of the system.  The 

equation is presented as ratios to 177Hf, which is not produced by the radioactive decay of any 

other isotope and remains unchanged over time in systems closed to Hf. The decay constant, λ, 

has a value of , corresponding to a half-life of 37.1 Byr. 

 Similar to the Sm-Nd system, Hf is more incompatible (i.e., is concentrated into a silicate 

melt more efficiently) than Lu, causing magmas to have lower Lu/Hf ratios than the solids with 

which they are in equilibrium.  Consequently, early cumulates crystallizing from a magma will 

produce more radiogenic Hf than later, more evolved phases over time.  Fractionating phases 

will have identical initial ratios of 176Hf/177Hf as the magma from which they crystallized.  Higher 

Lu/Hf ratios in the first phases crystallized lead to higher present day ratios of 176Hf/177Hf (Faure, 

2005). 

 Isotope ratios of Nd and Hf are often expressed in epsilon notation (εNd, εHf) because of 

the small differences in Nd and Hf isotope ratios.  εNd is the measure of the difference in the 
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initial Nd isotope ratio from the expected value of CHUR (chondritic uniform reservoir) at time t 

and is calculated with the equation:  

 

 

where t is the time of the formation of the rock.  Positive values of εNd are depleted in 143Nd and 

negative values are enriched in 143Nd with respect to CHUR.  εHf is calculated in much the same 

manner, substituting Hf isotopic ratios for Nd in the sample and for CHUR.  Another advantage 

of epsilon notation is that it can be used to compare data from different laboratories regardless 

of how measured isotopic ratios were normalized.   

 Three different stable isotopes of lead are produced by the radioactive decay of 

uranium and thorium.  206Pb, 207Pb and 208Pb are each the result of the decay of a chain of 

radioactive daughters produced by 238U, 235U and 232Th.  Half-lives of the intermediate daughter 

isotopes are much shorter than those of the parent isotopes.  This condition allows the 

establishment of secular equilibrium, which enables the decay of the parent isotopes to the 

stable daughter isotopes to be treated as though it occurred directly and can be described by 

the equations: 
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where i  again stands for the initial abundance at time t , which is the time the system has been 

closed to U, Th, Pb and any intermediate daughters .  The equations are presented as ratios to 

204Pb, which is not radiogenic.  The decay constants λ1, λ2, and λ3 are for 238U, 235U and 232Th 

respectively and have values of ,  and 

 .  These correspond to half-lives of 4.468 Byr, 0.738 Byr, and 14.010 Byr 

(Faure, 2005).   

 Lead isotopes in igneous rocks reflect complicated multi-stage histories.  The U/Pb and 

Th/Pb ratios of each system in which Pb resided and the residence time in those systems each 

produce an effect on the final isotopic composition.  Isotope ratios of U and Th were not 

measured for this study and common Pb methods were used to interpret these multi-stage 

histories.  Before multi-stage Pb histories are addressed, a single stage model should be 

examined.  The equations for single stage Pb models are as follows: 

 

 

 

 

where: 

 



 

 29 

 

 

and, in this case, i  stands for the initial isotope ratio of primeval Pb in the Earth T years ago, 

where T is the age of the Earth.  Expanding a single stage history to examine the igneous rocks in 

this study is done by adding a second stage with a different 238U/204Pb ratio (µ2): 

 

where t1 is the time when Pb was transferred to a second system.  The other Pb isotope ratio 

equations can be written in the same manner.  Igneous rocks from the same system with multi-

stage Pb isotope ratios should fall on straight lines in 206Pb/204Pb vs. 207Pb/204Pb space.   The 

slope (m) of a suite of rocks that resided in the same system and were removed at the same 

time (t) to a variety of second systems (individual hand samples with different values of µ) is 

described by the equation: 

 

 

3.2.2 Sample Preparation, Dissolution and Ion Separation Chemistry 

 Pb isotope analyses were acquired for all 21 samples and 16 were selected for Sm-Nd 

and Lu-Hf isotope analysis.  Samples were crushed in a mild steel jaw crusher, separated into 

two aliquots using a sample splitter, and ground to fine powder (<75 microns) using a 

shatterbox with a tungsten carbide bowl and an agate planetary ball mill. The samples ground in 

tungsten carbide were used for preparation of major and trace element analyses and Pb 
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isotopes, and the powders ground in agate were used for Sm-Nd and Lu-Hf isotope analyses. 

The procedures followed for sample dissolution and ion separation chemistry are those used by 

the radiogenic isotope facility at Washington State University, which are accepted, well 

established techniques detailed elsewhere (Patchett and Tatsumoto, 1980; Vervoort and 

Patchett, 1996).  

For the samples analyzed for Pb, approximately 250 mg of powdered sample were 

measured and placed into savillex beakers and dissolved with a 10:1 mixture of HF and HNO3 

acid.  Samples were capped and left on a hot plate over night.  The caps were then removed and 

the samples were dried down on a hot plate.  HBr acid was added and the samples were again 

allowed to dry.  Approximately 3mL of .5M HBr was added to the samples and left capped on a 

hot plate for 5 to 10 minutes. The sample was then taken up in approximately 3 mL .5M HBr and 

placed in a centrifuge for 15 minutes at 3500 rpm.  Samples were then ready for Pb separation 

chemistry.   

 Columns loaded with AGI-X8 resin were first rinsed with H2O and then cleaned with a 

column volume of 0.5M HBr, and again with two column volumes of 6.0M HCl.  Columns were 

conditioned with 0.5mL of H2O and 0.5 mL of 0.5M HBr.  After conditioning, the samples were 

loaded in approximately 3 mL of 0.5M HBr.  Columns were then washed three successive times 

with 1 mL of 0.5 M HBr and once with 0.4 mL of 1.0M HCl.  Pb fractions were eluted with four 

separate volumes of 0.5 mL of 6.0 M HCl. 

For samples being analyzed for Sm-Nd and Lu-Hf radiogenic isotope ratios, a more 

complete dissolution was required.  Each sample was assigned a Teflon bomb and recorded in 

the lab book.  The static was removed from each bomb before it was weighed on a high 

precision balance and recorded.  Approximately 0.25mg of whole rock powder prepared with an 
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agate planetary ball mill was measured out for each sample on weighing paper.  The sample was 

delivered to the Teflon bomb where the weight was recorded before wetting the sample with 

drops of HNO3 and covering it with the corresponding bomb lid for transport to a hot plate.  The 

lids were removed and covered with plastic while a few drops of HF were added to each sample. 

The samples were then dried down on the hot plate at approximately 170°C.  After the samples 

were completely dry, HF and HNO3 were added to the bomb in a ratio of approximately 6:1 until 

the bomb was two thirds full so that no sample would be lost when the lid was replaced and the 

protective sleeve fitted around the outside.  The bombs were then secured in steel jackets and 

placed in an oven for seven days at approximately 175°C.  When the samples were removed 

from the oven and dried down on a hotplate, a solution of 2:1 HCl to H3BO3 was added, where 

ideally 1mL of H3BO3 would be added per 100mg of sample subject to space restraints.  The 

samples were then capped and allowed to heat overnight on a hotplate at 100°C before they 

were again dried down on the hotplate at approximately 170°C.  The dried samples were filled 

with 6M HCl and again dried down before being filled with 6M HCl and placed back in the oven 

for up to a day when they would be ready for spiking.  Samples were accurately weighed and 

spiked with a known amount of prepared isotopic tracer solutions for both the Sm-Nd and Lu-Hf 

isotopic systems.  After the addition of the tracer solutions the samples were dried down on a 

hot plate to be ready for chemistry.   

 It was necessary to separate the elements of interest after the samples had been 

dissolved.  The samples were run on ion-exchange separation columns for first stage Hf using a 

10mL volume of Dowex AG50W-X12 cation resin that isolates Hf and the light and middle REEs 

from the bulk rock (Vervoort and Blichert-Toft, 1999).  Each sample was taken up in .5mL of 

6.0M HCl, capped and heated on a hotplate for 5 to 10 minutes.  2.5mL of H2O was added to the 
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samples before they were sonicated and then heated again on a hotplate for another 5 minutes.  

The samples were placed in a centrifuge for 15 minutes at 3500 rpm immediately after the 

addition of 20μL of 8M HF.  After being removed from the centrifuge, the samples were loaded 

on the columns and then washed with 1mL of 1.0M HCl/0.1M HF.  Hf was eluted into 7mL 

savillex beakers by six separate additions of 1mL of 1.0M HCl/0.1M HF.  The columns were then 

washed with 5mL of 1.0M HCl/0.1M HF and 100mL of 2.5M HCl.  Lu and Yb were eluted with 

60mL of 2.5M HCl and set aside for further separation.  After a 5.0mL wash of 6.0M HCl, Sm and 

Nd were eluted into savillex beakers with 50mL of 6.0M HCl. 

 First stage Hf fractions were dried down on a hot plate and then allowed to flux capped 

overnight after the addition of 5 ml of 2.5M HCl.  Second stage Hf columns containing 0.9 mL of 

LNSPEC resin were removed from storage in ~0.14M HCl and conditioned twice with a few ml of 

2.5M HCl.  The samples were then loaded on the columns in 5mL of 2.5M HCl and the matrix 

rinsed by loading 10mL of 2.5M HCl.  Another 10mL of 6.0M HCl was loaded to wash out HREEs.  

4mL of H2O was used to wash out the HCl.  The columns were then rinsed twice with 10mL of 

0.09M HCit/0.45M HNO3 - 1wt%H2O2 and again with 40mL to remove Ti.   To wash out the H2O2 

and the HCit before elution, the columns were rinsed with 5mL of 0.09M HCit/0.45M HNO3 and 

then 20mL of 6M HCl/0.06M HF.  Hafnium was eluted into 7mL savillex beakers in 5 mL of 6M 

HCl/0.4M HF.  The columns were then washed with 10mL of 2M HF, 10mL 6M HCL, 10mL H20 

and then replaced in ~0.15M HCl for storage. 

 Eluted Lu fractions from the first stage Hf columns were dried down and treated with 

HNO3 twice to remove organics or any resin and then allowed to flux overnight capped on a 

hotplate with 0.5ml of 2.5M HCl.  They were then loaded on columns conditioned with 2.5M HCl 

and resettled with a volume of 0.9mL of LN SPEC resin and washed with another 0.5mL of 2.5M 
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HCl before three separate additions of 10 mL of 2.5M HCl to remove Yb.  Lu was then eluted in 

5mL of 6.0MHCl.  Columns were washed with three reservoirs of 6.0M HCl and stored in ~0.14M 

HCl. 

 Sm-Nd fractions eluted during first stage Hf separation were dried down and treated 

with HNO3 to remove any organics or resin and again dried down before dissolution in .2mL of 

0.14HCl.  The dissolved samples were then loaded onto columns conditioned in 0.14 HCl 

containing 1.7mL of HDEHP resin and followed by three separate washes of 0.2mL of 0.14HCl 

and one of 18mL to remove Ce.  Nd was eluted with 14mL of 0.14M HCl and set aside, followed 

by another wash of 5mL of 0.14M HCl.  Before Sm could be eluted in 3mL of 0.4M HCl, one 

2.5mL wash of 0.4M HCl was loaded on the columns.  The columns were then washed with 3 

reservoirs of 6M HCL and replaced in ~0.14M HCl for storage. 

3.2.3 Isotope Analyses by ICP-MS 

 Sm, Nd, Hf, Lu and Pb isotopic compositions were measured on a ThermoFinnigan 

Neptune multi-collector ICP–MS at Washington State University.  Analysis of the Ames Nd 

standard during the course of this study yielded an average 143Nd/144Nd ratio of 0.512115±7, 

which is consistent with the lab average of 0.512116.   Isotopic compositions of Nd were 

corrected for mass fractionation with the exponential law using 146Nd/144Nd=0.7219.  Analysis of 

the Hf standard JMC-475 during the course of this study yielded 176Hf/177Hf=0.282140±32.  

Hafnium isotopic compositions were corrected for mass fractionation with the exponential law 

using 179Hf/177Hf=0.7325.  Epsilon Hf and Nd values were calculated using chondritic values of 

176Hf/177Hf=0.282785 and 143Nd/144Nd=0.512630 (Bouvier et al., 2008).  Pb samples were 

adjusted for thalium and normalized with the daily average of the NBS 981 Pb standard.  Errors 
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on the Pb ratios are a quadratic combination of the standard uncertainty (estimated by 2σ) and 

the in run uncertainty. 

3.2.4 Assimilation-Fractional Crystallization Modeling 

 The isotope ratios of Nd and Hf in samples measured in this study do not define a trend 

that would be expected from a simple two component mixing model.  Concurrent assimilation 

and fractional crystallization, which this study interprets to have occurred in the Sonju Lake 

intrusion, can produce results in isotope ratios and trace element concentrations that are much 

different from those predicted by simple two endmember mixing models (Taylor, 1980).  An 

assimilation-fractional crystallization (AFC) model was attempted to reproduce isotope ratios of 

Nd encountered in the Sonju Lake intrusion.  The model was run for several values of the bulk 

solid/liquid partition coefficient of Nd (DNd) based on the method of DePalo (1981a) and the 

equations: 

 

and 

 

where Cm is the concentration of the element in the magma, Ca is the concentration of the 

element in the assimilant, r is the assimilation rate divided by the crystallization rate or (Ma/Mc), 

F is the mass of magma divided by the initial mass of magma,  is an isotopic ratio and z is 

defined as: 
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where D is the bulk solid/liquid partition coefficient for the element between the fractionating 

crystalline phases and the magma and r is as defined above.  DePalo (1981a) argued that the 

AFC model is fitting for magmas stalled in their ascent through crustal rocks, particularly for 

wallrock above the magma chamber, which may be significantly heated.   The interpretation 

that the upward migration of the Sonju Lake intrusion was halted by the density barrier of the 

Finland granite (Miller and Ripley, 1996) would appear to make this an excellent example of 

such a geologic setting.  Cumulates of the lower Sonju Lake intrusion do not show significant 

contamination even though the low concentrations of Nd in these rocks make them especially 

sensitive to the addition of nonradiogenic Nd.  Therefore it is assumed for this model that 

assimilation did not take place in the lower cumulates.  Pure fractional crystallization is modeled 

until the apatite arrival, followed by AFC processes.  

3.3 Whole Rock Analyses by XRF and ICP-MS 

 Whole-rock geochemical data were also obtained from the GeoAnalytical Lab at WSU.   

Major and trace element analyses were performed for the sixteen new samples collected for 

this study.  Procedures are those routinely carried out by the GeoAnalytical Lab and are 

described completely by Johnson et al. (1999).  Rock samples were crushed and powdered as 

described above.  Each sample was mixed with dilithium tetraborate (Li2B407) and fused in a 

muffle furnace at 1000°C.  The resulting beads were reground after cooling and then fused again 

in the muffle furnace.  After the second fusion, the cooled beads were labeled with an engraver 

and ground on 600 silicon carbide grit.  The beads were finished briefly on a glass plate (600 grit 

with alcohol) to remove any metal residue imparted by the grinding wheel and washed in an 

ultrasonic cleaner before being rinsed in alcohol and wiped dry. At this point the beads were 
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ready to be loaded on the XRF spectrometer where they were analyzed for 27 major and trace 

elements.   

 Samples without preexisting reliable whole rock data that were selected for Nd and Hf 

isotope analysis were also analyzed on an Agilent 7700 ICP-MS for 14 REEs and 13 additional 

trace elements.  The selected samples were prepared with a combination fusion-dissolution 

method to decompose refractory mineral phases.  The procedure consists of a low-dilution 

fusion with dilithium tetraborate followed by acid digestion.  Equal amounts of sample powder 

and flux are mixed and placed in a muffle furnace for 30 minutes.  The resulting glass bead is 

ground and 250 mg of powder is measured into a Teflon vial for dissolution.  Evaporation is 

carried out with 2 ml of HNO3, 6 ml HF, and 2 ml HClO4 at 110° C.  After the sample is dried down 

a second evaporation with 2 ml of HClO4 at 160° C is carried out.  When the samples have been 

dried down they are brought into solution with approximately 10 ml of water, 3 ml HNO3, 5 

drops H2O2 and 2 drops of HF (GeoAnalytical Lab technical notes).   

3.4 Recalculation of the Sonju Lake Bulk Composition and Empirical Liquid Line of Descent 

 Miller and Ripley (1996) calculated the bulk composition of the Sonju Lake intrusion by a 

mass balance of 76 whole-rock analyses from outcrop and drill core samples collected from 

various parts of its 1200m thickness assuming that the top of the intrusion was at the slmd-frpm 

contact (Table 1).  They argued that this was a valid way to calculate the bulk composition 

because:  

1) the Sonju Lake intrusion displays a progression of cumulate rock types up section that are 

consistent with unidirectional crystallization of a mafic magma upward  from the floor;  
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2) phase and cryptic layering through the intrusion imply that the Sonju Lake intrusion 

crystallized  under nearly closed conditions (i.e. without any significant magma recharge 

or venting events; note that PGE data acquired later confirm the closed nature of at 

least the upper part of the intrusion);  and 

3) the Sonju Lake intrusion has a sheet-like form with a strike-to-thickness ratio of about 

20:1.   

These attributes allow for the compositional variation of the Sonju Lake intrusion to be treated 

as a one-dimensional problem.  By being able to treat the intrusion as a unidirectionally 

crystallized infinite sheet, Miller and Ripley (1996) were able to calculate its bulk composition as 

that of a rock column through the stratigraphy of the intrusion.  The lack of significant modal 

layering permits a reasonably accurate bulk composition with a manageable number of 

analyses.   Assuming a closed system fractional crystallization model, they assumed that the bulk 

composition can be interpreted as a reasonable estimate of the parent magma.  The data to be 

presented below show, however, that this bulk composition does not correspond to the 

uncontaminated parent magma of the Sonju Lake intrusion.  

Miller and Chandler (1997) further calculated an empirical liquid line of descent for the 

Sonju Lake intrusion by inferring that the composition of the liquid at any horizon in the 

intrusion corresponded to the bulk composition of the rocks above that horizon.   A 

fundamental difficulty noted by Miller and Chandler (1997) in this calculation was determining 

where the Sonju Lake intrusion ended and where the Finland granite began.   

 Because new whole rock analyses were acquired for this study and other analyses have 

been published since Miller and Ripley’s (1996) study (e.g., Miller, 1999; Joslin, 2004), the bulk 

composition and liquid line of descent are recalculated in this study incorporating these new 
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whole rock analyses.  Moreover, the radiogenic isotope data acquired for this study will be used 

to estimate the contribution of felsic contamination by the Finland granite to the bulk 

geochemistry of the Sonju Lake intrusion.    

As calculated by Miller and Ripley (1996), samples with existing whole-rock data were 

projected along strike to two profile lines drawn across the Sonju Lake intrusion.  The master 

stratigraphic column is hung on the cumulus arrival of augite (slt-slg contact, Fig. 3) because of 

its sharp and easily recognizable occurrence across the intrusion.  Using the average dip of 

foliation and layering along the profile, the stratigraphic height of individual samples is 

calculated.    Stratigraphic intervals are assigned to each sample based on its location in the 

column.  Where multiple samples exist and the stratigraphic interval is lithologically 

homogeneous, they are combined to form an average for that specific interval.  The percentage 

that each interval represents was determined by dividing the interval thickness by the total 

intrusion thickness.  Total intrusion thickness is equal to a sum of all the intervals.  The total 

abundance of each elemental oxide and trace element component was calculated by mass 

balance, summing the average compositions of each interval multiplied by the percentage of the 

total thickness that interval represents.   

 Two separate columns were constructed to calculate the liquid line of descent in the 

Sonju Lake intrusion.  Both columns share identical bases and only diverge at the cumulus arrival 

of apatite.  Column A uses analyses of outcrop samples from the exposed portion of the Sonju 

Lake intrusion to represent the olivine ferromonzodiorite (slmd) and the apatitic olivine 

ferrodiorite (slad), while Column B incorporates only the 23 analyses collected from the 230m-

long SLI-1 core (Fig. 5).  The SLI-1 core offers the opportunity to use a consistent, uninterrupted 

rock column without incorporating unknown intervals between outcrop samples.  Consequently, 
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Column B gives a more complete calculation of the liquid line of descent and bulk composition.  

However, as revealed in the results section, the SLI-1 core shows a significant departure from 

the Sonju Lake intrusion and Finland granite in its isotope compositions of Nd, Hf and 208Pb.  

Major and trace element compositions of the SLI-1 core are, nevertheless, consistent with 

outcrop samples from the slad and slmd units, as are the mineral assemblages and modal 

percentages.  Because no significant change is observed in the rocks other than in isotope ratios, 

contamination is assumed to be slight enough not to produce an effect in the calculation of the 

liquid line of descent, especially in major element chemistry.   

 As mentioned previously, Miller and Chandler (1997) expressed uncertainty about 

determining the geochemical top of the Sonju Lake intrusion for their liquid line of descent 

calculation because of unknown contributions from the Finland granite.  A simple assumption 

they used was that the top of the mafic prismatic olivine ferromonzodiorite (slmd) unit is the top 

of the Sonju Lake Intrusion.  This was done for columns A and B in this study as well.  However, 

based on the isotopic results of this study, a third (column C) bulk composition and new liquid 

line of descent were calculated incorporating a portion of the quartz ferromonzodiorite (frpm) 

into the calculations for column A.  Column A was chosen to incorporate the rocks of the quartz 

ferromonzodiorite (frpm) unit because only 11 meters of the unit was encountered in the top of 

the SLI-1 drill core and there are no exposed outcrops in the area to yield samples.  The 

implications and assumptions of these new calculations will be addressed in the discussion after 

the presentation of Hf and Nd isotope data.  

3.5 Forward Modeling of the Liquid Line of Descent 

 In addition to calculating the empirical liquid line of descent by geochemical mass 

balance of a profile across the Sonju Lake intrusion, forward modeling of magma differentiation 
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by fractional crystallization coupled with assimilation of the Finland granite was applied to the 

estimated parent magma of the Sonju Lake intrusion.  Modeling was conducted using the 

program PELE, a free-energy minimization program based on the algorithms and database of 

Ghiorso (1985) and Ghiorso and Sack (1994) and adapted by Alan Boudreau to a PC platform.  

The model allows for variation in temperature increment, oxygen fugacity within +3 to -3 log 

units of the QFM buffer, and recharge, eruption and assimilation at each step.  When 

assimilation is active, temperature is based upon the amount and temperature of assimilate 

added in each step.  A shortfall of this model was the inability to sequester trapped liquid while 

crystallizing without simultaneously adding assimilant.  After making reasonable estimates of 

the parameters, fractional crystallization was allowed to proceed with the Sonju Lake intrusion 

bulk composition as the initial input. Trapped liquid could be modeled by erupting a mass of 

magma after each crystallization step.  However, in the upper interval of the Sonju Lake 

intrusion, where contamination is evident (after the cumulus arrival of apatite), trapped liquid 

effects were deemed secondary to the effects of assimilation of the melted Finland granite.  

Therefore, crystallization was modeled in two stages.  The lower part of the intrusion (sld-slfg) 

was modeled by fractional crystallization with eruptions to simulate sequestration of trapped 

liquid.  After the cumulus arrival of apatite, fractional crystallization with assimilation was 

modeled to simulate the effects of contamination by the Finland granite.   

 

4. Results 

 The results obtained from applying the methods described in the previous chapter will 

be presented here and in the appendices.  Major and trace element data for whole rock samples 

collected in this study are presented in Appendix A.  Tables showing the mass balance 
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calculations used to determine the bulk composition and the liquid lines of descent from the 

three different columns are presented in Appendix B. 

4.1 Neodymium and Hafnium Isotopic Data 

 Neodymium and hafnium isotopic data for 14 samples analyzed for this study, as well as 

neodymium isotope data from eight samples made available from previously unpublished 

analyses by Vervoort, are reported in Table 3.  As shown in a plot of εHf and εNd, hafnium and 

neodymium isotopic compositions are strongly covariant in all samples and define a straight line 

with the equation εHf = 1.4εNd+2.7 (Fig. 9). 

 
Figure 9. εNd vs. εHf isotopic compositions for all samples analyzed for Hf. 
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 Nd-isotope data are shown in a standard plot of initial 143Nd/144Nd versus 147Sm/144Nd in 

Figure 10.   A suite of igneous rocks representing fractional crystallization would be expected to 

spread laterally on such a plot due to different Sm/Nd ratios in the samples and consistent initial 

143Nd/144Nd  ratios.  Finland granite samples have a range of 147Sm/144Nd values from 0.12 to 

0.14 and plot below CHUR at 1096 Ma.  The granites have lower 147Sm/144Nd ratios than the 

majority of Sonju Lake samples and plot to the left and below samples from the main body of 

the Sonju Lake intrusion, which have higher 147Sm/144Nd values ranging from 0.135-0.16. 

 
Figure 10.  Initial 143Nd/144Nd vs. 147Sm/144Nd ratios of samples from this study, from Vervoort 
(unpublished data), and two samples of Finland granite (frg) from Vervoort et al., 2007.  Dashed 
line denotes CHUR at 1096 Ma.  Compositional fields for MCR diabase sills (Nipigon, McIntyre 
and Jackfish sills) in the Thunder Bay area (Hollings et al., 2007), NSVG olivine tholeiites (Dosso, 
1984), and granophyre bodies in NE Minnesota (Vervoort et al., 2007) are shown for 
comparison. 
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 Samples from the main body of the Sonju Lake Intrusion exhibit slightly negative values 

of initial εNd, ranging from -1.18 to -1.87, while samples from the Finland granite are moderately 

negative in the range of -3.0 to -3.6.  One sample from the melatroctolite of the Sonju Lake 

intrusion has a positive value of initial εNd of 1.47.  A total of six samples taken from the SLI-1 

drill core (Fig. 3) have the most negative initial εNd of all samples, ranging from -4.14 to -5.20.  

The 147Sm/144Nd range of samples from the SLI-1 core (0.13-0.14) overlap with the Finland 

granite samples and the Sonju Lake intrusion samples, but the SLI-1 core samples plot below the 

Finland granite samples on a plot of initial εNd versus 147Sm/144Nd because of their of their more 

negative initial εNd values (Fig. 10).   

 The Nd isotopic compositions of samples from the main body of the Sonju Lake intrusion 

are broadly similar to those of other Midcontinent Rift-related basalts (Dosso, 1984) and mafic 

intrusive rocks (Hollings et al., 2007), which scatter around 0 εNd (Shirey et al, 1994; Wirth et al. 

1997; Paces 1988; Nicholson et al. 1991).  The compositions of these mafic rocks differ from the 

Finland granite, which has a similar composition to other rift-related main stage granophyres 

(Vervoort et al., 2007).   

 Samples analyzed for Hf isotopes exhibit ranges in εHf of 1.50 to 0.04 for samples from 

the main body of the Sonju Lake intrusion.  A single sample from the Finland granite yields an εHf 

value of -2.48 and three samples from the SLI-1 core range from -3.71 to -4.86 εHf.   

4.2 Pb Isotopic Data 

 Pb isotopic data for 21 whole rock samples are presented in Table 4 and 207Pb/204Pb vs. 

206Pb/204Pb and 208Pb/204Pb vs. 206Pb/204Pb ratios are plotted in Fig. 11.  With the exception of the 

granitic dike (SL-02-691), samples positively correlate in 207Pb/204Pb vs. 206Pb/204Pb space and 
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plot on a line with a slope of 0.0728, with compositions ranging from 16.2 to 25.5 206Pb/204Pb 

and 15.3 to 16.0 207Pb/204Pb.  208Pb/204Pb values range from 15.3 to 45.5 in samples from the 

Sonju Lake intrusion, Finland granite, and the SLI-1 core.  The granitic dike sample has a 

208Pb/204Pb ratio of 52.9 and is not shown in Figure 11, but is listed in Table 4.  Three separate 

trends are observed in 208Pb/204Pb vs. 206Pb/204Pb space, corresponding to the main body of the 

Sonju Lake intrusion (y = 1.1087x + 18.513), the Finland granite (y = 0.8594x + 23.52), and the 

SLI-1 core (y = 1.3804x + 14.61).  The SLI-1 core shows elevated 208Pb/204Pb ratios for a given 

206Pb/204Pb ratio when compared to the outcrop and drill core samples from the exposed section 

of the intrusion.  In both plots, the Sonju samples with the highest concentrations of Pb 

generally plot towards the lower left corner of the diagram.  It should be noted that these 

samples contain up to 1% sulfide minerals, which exclude U while concentrating Pb.  
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Figure 11.  Pb isotope plots of 206Pb/204Pb vs. 207Pb/204Pb and 208Pb/204Pb.  Sample SL02-1-691 not 
shown. 
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5. Discussion 

 This study looks to assess the extent of assimilation and mixing between the Sonju Lake 

intrusion and Finland granite by evaluating radiogenic isotope data across each body, with 

special attention on the mafic-felsic transition zone.   Based on the results of this assessment, 

the bulk composition of the partially contaminated Sonju Lake intrusion and its liquid line of 

descent will be recalculated.  First, the implications of the isotopic data of Nd and Hf will be 

discussed.  Next, an AFC model will be presented to fit the isotopic data of Nd and Hf.  Thirdly, 

the anomalous isotopic composition of the SLI-1 core will be discussed, especially in the context 

Pb isotope ratios.  Finally, the AFC model will be used in conjunction with cryptic layering 

throughout the stratigraphic column to constrain the geochemical top of the Sonju Lake 

intrusion.  From this reinterpretation, a third bulk composition and a revised liquid line of 

descent will be calculated for the intrusion along with three possible corrected bulk 

compositions that attempt to estimate the parent magma of the Sonju Lake intrusion.   

5.1 Nd and Hf isotopes 

 The Finland granite and Sonju Lake intrusion have distinct and identifiable isotopic 

compositions of Hf and Nd.  Samples from the leucogranite phase of the Finland granite range 

from -3.0 to -3.6 εNd with an average of -3.4 εNd for five samples (Vervoort and Green 1997, 

Vervoort et al. 2007, this study).  Samples from the lower Sonju Lake intrusion before the 

cumulus arrival of apatite (slmt, slt, slg, and slfg units) have a limited range of εNd from -1.18 to -

1.62, excluding the anomalous +1.47 εNd value for a melatroctolite sample (SNA-1-492).  The 

concentration of Nd and other incompatible trace elements in this melatroctolite adcumulate is 

very low (~1ppm) and the addition of even small amounts radiogenic Nd could account for the 
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observed shift from the rest of the lower Sonju Lake samples.  Perhaps this sample, which was 

taken about two meters above the basal contact in the SNA-1 drill core, was contaminated by 

older gabbroic or volcanic rocks in the footwall.  The development of a crystallizing boundary on 

the floor of the intrusion should have insulated the Sonju Lake magma from further 

contamination from the floor during crystallization.  Although Dosso (1984) showed that NSVG 

basalts can have positive εNd values (Fig. 10), no samples were analyzed from the footwall in this 

study.   

Another possible explanation for the anomalous εNd value for the melatroctolite sample 

is that it is related to the serpentine alteration of olivine in the lower part of the intrusion.  

Oxygen isotopic studies by Park et al. (2004) indicate that rocks in the sld and slmt units 

experienced post-crystallization isotopic exchange with a high-18O fluid.  They speculated that 

the serpentinized olivine-rich units acted as a conduit for fluids to infiltrate the lower marginal 

zone of the Sonju Lake intrusion.  Hydrothermal alteration could account for the low levels of 

radiogenic Nd found in the melatroctolite in sample SNA-1-492.     

 The samples from above the cumulus arrival of apatite (units slad and slmd) in the Sonju 

Lake intrusion exhibit generally decreasing values of εNd with increasing stratigraphic height (Fig. 

12A).  The change in isotopic composition from the lower Sonju Lake intrusion appears to 

represent the progressive assimilation of the Finland granite.  Moreover, if the consistent 

isotopic signature of the leucogranite (-3 to -3.6 εNd) is taken as the initial εNd of the Finland 

granite as a whole, this further implies that the marginal prismatic quartz ferromonzodiorite 

(frpm unit), with εNd compositions of -1.7 to -2, contains a more radiogenic Nd component.  The 

most likely source of this component is the Sonju Lake intrusion.  The petrogenesis of the quartz 

ferromonzodiorite, which has been routinely assigned to be part of the Finland granite (Miller et  
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Figure 12.  εNd and εHf vs. stratigraphic height of sample relative to cumulus arrival of augite.  
Stratigraphic column of the Sonju Lake intrusion shown on left.  The black line in the εNd 

plot is the AFC model with the parameter F (% liquid remaining) projected to 
stratigraphic height.  Assumes 6.4% volume of the Sonju Lake intrusion is 
ferromonzodiorite of the frpm unit.    
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al., 1993; Miller and Ripley, 1996; Miller and Green, 2002), may need to be reassessed.   The Nd 

data are consistent with the frpm unit representing a late stage differentiate of the Sonju Lake 

intrusion that assimilated nonradiogenic Nd from the Finland granite.  Alternatively, the frpm 

unit could represent a partial melt of the Finland leucogranite that then assimilated a mafic 

component from the underlying Sonju Lake magma. 

Field mapping by Miller et al. (1993) shows that the prismatic quartz ferromonzodiorite 

lithology exists only between the Sonju Lake intrusion and the leucogranite and is consistent 

with either interpretation.  However, drill cores to monitor ground water contamination at the 

decommissioned Finland Airbase (AC-1 ddh, Fig. 3) have proven the relationship of the 

leucogranite and quartz ferromonzodiorite to be more complex and cyclical (Miller and Green, 

2002).  The nature of the origin of the frpm unit will be discussed below. 

Hafnium isotopes also exhibit generally decreasing levels of εHf with greater proximity to 

the Finland granite with the exception of samples SLRD0806 (slad unit) and SLRD0803 (slfg unit) 

which plot farthest to the right in Figure 12B.  These two samples have the highest εHf of any 

samples measured and do not fit the trend of the rest of the samples.  The pattern displayed by 

the data in Figure 12B could be produced by a recharge event injecting an uncontaminated less 

radiogenic magma into the chamber, followed by renewed assimilation of the Finland granite.  

However, no other evidence of a significant recharge event exists at that level in the intrusion.  

 

5.2 Assimilation and Mixing Models for Nd  

 The heat to partially melt and assimilate the hanging wall rocks of the Finland granite is 

provided by the initial heat of emplacement (liquidus temperature of the bulk composition 

estimated by Pele to be 1234° C.) and by the latent heat of crystallization of the Sonju Lake 
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intrusion.  Cooling and crystallization would be expected to occur where that energy is 

consumed at the borders of the intrusion.  A crystallized border would be an effective barrier to 

assimilation, however, the SLI-1 drill core shows no evidence of a crystallized roof in the Sonju 

Lake intrusion.  In fact, the lack of such a roof as an identifiable border of the Sonju Lake 

intrusion is one of the factors that make this study necessary.  The presence of a low density, 

viscous felsic cap created by melting in the Finland granite could have inhibited the formation of 

an upper border series of the Sonju Lake intrusion (e.g. Marsh, 1988).  The contrasting viscosity 

and density across this felsic-mafic boundary would have acted to inhibit mixing in a quiescent 

environment, but not as effectively as a crystallized border.  While mixing across this boundary 

would have been inhibited, it would not have been prohibited.  The initially sharp compositional 

gradient across this boundary would also have resulted in elemental diffusion across this 

viscosity-density boundary until solidification.  Rates of diffusion would have been highest 

initially, but would have gradually decreased as the chemical gradient became less severe and 

temperature decreased.   

 Figure 13 shows Nd isotope data plotted on a graph of Nd concentration vs. εNd.   Such a 

plot is useful because fractional crystallization will increase the concentration of Nd in the 

remaining liquid, but will not affect the isotope ratio (Faure, 2005).  A progression of Nd-

enrichment at a constant εNd ratio is evident in most Sonju Lake samples up to the slad unit 

(Figs. 12 and 13).   Although the increase in Nd abundance generally corresponds to successively 

higher units, this is not consistently the case. Note that two slfg sample have the lowest Nd 

concentrations.   This illustrates that the concentration of incompatible elements, like Nd, in a 

cumulate rock depends not only on their abundance in the parent magma, but  
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Figure 13.  Concentration of Nd vs. εNd showing AFC model curves for increasing values of r (rate 

of assimilation) and a simple mixing curve for identical end members  - uncontaminated 
Sonju Lake magma at apatite arrival and Finland leucogranite contaminant.  Ticks on 
mixing curve are 10% increments, curves for r end at F (fraction of liquid remaining) = 
0.01.   

 
also in the concentration of trapped liquid in the cumulate rock (e.g., Tegner et al., 2009).  The 

samples of the slfg unit with low concentrations of Nd are very well foliated adcumulates that 

have a very low abundance of postcumulus minerals (≈trapped liquid concentration).  The 

abundance of intercumulus minerals in samples from the slg and slt units qualify them as 

mesocumulates that have retained more trapped liquid.   

 No significant change is noted in εNd until samples from the slad unit, in which apatite 

becomes a cumulus phase, begin to exhibit lower values of εNd presumably due to the addition 

of Nd that is less radiogenic.  This change is quite evident in a plot of εNd vs. stratigraphic height 

(Fig. 12).  Samples from the slmd and the lower Finland granite (frpm unit -mafic prismatic 

quartz ferrodiorite) have higher Nd concentrations and are evidently even more contaminated 

by less radiogenic Nd.  These samples do not, however, fall on a traditional two component 

mixing line with the cluster of samples representing the leucogranite of the Finland granite (Fig. 
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13).  Although less radiogenic Nd in the upper portions of the Sonju Lake intrusion is clearly 

evident by the Nd isotope data, simple mixing does not appear to be the principal mechanism. 

 The curves in Figure 13 represent an assimilation-fractional crystallization (AFC) model 

using different values for the rate of assimilation to crystallization (r) based on the method of 

DePaolo (1981a) and equations 12 and 13 presented in Chapter 3.  The best fit to the data was 

generated with a ratio of assimilation (Ma) to crystallization (Mc) of Ma=0.05 Mc, or r=0.05 and a 

bulk distribution coefficient (DNd) of 0.86 for Nd.  This DNd is consistent with the calculation of 

the bulk distribution coefficient for Nd calculated from modal data in the upper Sonju Lake 

intrusion (Table 5).  The model returns the concentration of an element and its isotope ratio in 

the magma.  Accordingly, results for all curves were multiplied by DNd to obtain the 

concentration in the crystallizing phases that is recorded by the cumulate rocks.   The average 

εNd value of the lower uncontaminated Sonju Lake intrusion (-1.35) provided the initial value 

used in the model (εm).  

Table 5.  Modal data for calculation of bulk DNd throughout the Sonju Lake intrusion. 
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The initial concentration of Nd in the magma (Cm = 53 ppm) for the AFC model is taken 

from the calculated liquid line of descent at the apatite arrival for column B.  Liquid line of 

descent calculations will be discussed in section 5.4.  Neodymium concentrations at the apatite 

arrival range from 45 to 53 ppm for the three empirical liquid lines of descent.  Multiplying the 

Nd concentration from the liquid line of descent by DNd (0.86) yields the concentration in the 

cumulates at that level, showing agreement between the DNd calculated from modal data, the 

liquid line of descent calculated by mass balance and the concentration of Nd observed in the 

cumulates. Since non-radiogenic Nd contamination is evident only after the cumulus arrival of 

apatite, only the upper portion of the intrusion is included in the model.   This model effectively 

treats the remaining liquid of the Sonju Lake intrusion after the crystallization of the slfg unit as 

a separate magma body undergoing assimilation-fractional crystallization processes.  The fit of 

the model curve to the upper Sonju and lower Finland granite data (Fig. 13) agrees with the 

interpretation that pure fractional crystallization took place until the arrival of apatite in the slad 

unit and was followed by fractional crystallization in conjunction with assimilation of the outer 

Finland granite.   

 Isotopic ratios of Nd and concentrations of Nd in samples from the slmd and frpm units 

fall along the curve produced by the AFC model, which is consistent with both units being upper 

differentiates of the Sonju Lake intrusion that have been contaminated by assimilation of the 

Finland granite (Figs. 12 and 13).  If the distinctly non-cumulate frpm unit was a partial melt of 

the Finland granite that mixed with Sonju Lake magma, it would be expected to fall on a mixing 

line between the leucogranite composition and the Sonju Lake magma that it mixed with.  End 

members of the leucogranite (93 ppm Nd, -3.6 εNd ) and a model Sonju Lake magma composition 

of -1.5 εNd and 80ppm Nd (representing a late stage liquid produced by fractional crystallization) 
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define a mixing line that intersects only one of the two frpm samples (E250).  The mixing model 

requires that the frpm be at least a 60/40 mix of Sonju Lake magma to Finland granite.  The 

second frpm unit sample (E248R) cannot be produced by a two component mixing model unless 

the Sonju Lake liquid end member had Nd concentrations of ≈90ppm.  Such concentrations are 

not observed in any of the rocks currently classified as the Sonju Lake intrusion, nor are such 

high concentrations of Nd reached in the calculated liquid line of descent.  However, were such 

an end member available, the mixing model would require a greater than 90% contribution of 

Sonju Lake component to produce the concentrations and isotopic composition of Nd in sample 

E248R.  The AFC model described and shown above in Figure 13 can produce both frpm 

compositions with an approximately 5% total mass contribution of Finland granite to the mass 

of magma remaining when assimilation is modeled to begin, or ≈1-1.5% of the total intrusion 

mass. 

 Isotope compositions of Hf do not contradict the Nd AFC model, but insufficient data 

points exist to fully support it (Fig. 12B).   No samples from the frpm were analyzed for Hf 

isotopes and the three samples of the SLI-1 core that were analyzed for Hf isotopes have much 

more negative εHf  values than the rest of the samples.   

5.3 Anomalous Nd and Hf Isotopic Compositions of the SLI-1 Core  

Nd and Hf isotope data for the SLI-1 core shows less radiogenic Nd and Hf than the 

Finland granite samples analyzed for this study.  No amount of assimilation from the areas of 

the Finland granite that currently have Nd isotopic data available could account for the larger 

negative values of εNd in the SLI-1 core.  The Nd isotopic data suggest that the unexposed 

western upper Sonju Lake intrusion has incorporated a much less radiogenic crustal component 
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either during staging in the lower crust or from an isotopically heterogeneous Finland granite.  

The interpretation of the Sonju Lake intrusion forming largely from one pulse of magma that 

crystallized with minimal recharge would likely eliminate Sonju Lake magma staging in the lower 

crust as the source of the contaminant.  Such a contaminant would be expected to have affected 

the entire intrusion.  Isotopic heterogeneity in the Finland granite seems a more plausible 

interpretation.   

 The isotopic character of the Sonju Lake intrusion below the SLI-1 drill core is unknown.  

If contamination is confined to the upper units as data indicates in the exposed portion and the 

same parameters (rate of assimilation, DNd, initial εNd of Sonju Lake magma, similar 

concentration of Nd in assimilant and initial magma) are assumed, the εNd of the contaminant at 

1090 Ma would have to be ~-14 εNd to produce the ≈-5 εNd initial values in the SLI-1 core (Fig 14).   

 

Figure 14.  Concentration of Nd vs. εNd showing AFC model curves for r = 0.05 and εa =-14 (solid 
line) and for r = 0.1, Cm=25ppm and εa =-7.6 (dashed line)   Curves end at F (fraction of 
liquid remaining) = 0.01.   
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The least radiogenic main stage granophyre reported by Vervoort et al. (2007) is the Pine 

Mountain granophyre at -7.6 εNd.  If isotopic heterogeneities in the Finland granite are 

responsible for the low values of εNd in the SLI-1 core, a contaminant that is within the reported 

range of granophyre isotopic compositions would be more appropriate.   

An alternative model of assimilation can account for the observed εNd compositions if 

contamination begins in the ferrogabbro unit.  Assuming a rate of assimilation to crystallization 

(r) of 0.1, an εNd value of ~-5 can be produced in the slad unit with a contaminant of only -7 εNd 

(Fig. 14).  Lower starting concentrations of Nd combined with a higher assimilation rate can 

produce the nonradiogenic Nd isotopic compositions observed in the SLI-1 core.   

This model requires a total mass of assimilant approximately equal to 5% of the total 

intrusion mass.  While the Sonju Lake intrusion is interpreted to be a quiescent system, 

convection must still take place.  Perturbations of the interface between the siliceous cap and 

the mafic magma caused by convection currents could mix felsic magma into the underlying 

intrusion (DePaolo, 1985), increasing assimilation rates.  If large-scale convection cells operated 

within the 1-km-thick magma sheet of the Sonju Lake intrusion, rates of assimilation would be 

expected to vary along strike.  This alternative model (represented by the dashed line in Figure 

14) better reproduces the neodymium concentrations observed in the SLI-1 core and would 

seem to be more plausible than calling upon strongly negative εNd values. 

5.4 Pb isotopic constraints on magma sources and SLI-1 core contaminant 

 The lead isotopic data for the Sonju Lake intrusion and Finland granite form a distinct 

linear array in 206Pb/204Pb versus 207Pb/204Pb space with a slope of 0.0728 (Fig. 15A).  The lead 

isotope array is considered to be a secondary isochron, consistent with a two stage lead 
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evolution where magma was removed at 1096Ma from an enriched mantle source with 

characteristics described by Shirey et al. (1994) for 1.1 Ga enriched mantle.  The system then 

evolved radiogenic lead in individual samples with differing values of µ (238U/204Pb).  For 

comparison, data from Ripley et al. (1999) for Duluth Complex intrusive rocks (troctolites, 

massive sulfides and plagioclase separates from the Babbitt deposit) are also shown in Figure 

15.  Samples from the Sonju Lake intrusion have lower 207Pb/204Pb compositions for a given 

206Pb/204Pb than rocks from the Duluth Complex and show little evidence for crustal 

contamination.  Rather, the individual samples fall on a line based upon a combination of their 

apparent differentiation and the amount of lead that was initially incorporated into each 

sample.  Samples with the highest concentrations of Pb are the least radiogenic.  The majority of 

Pb in these samples is incorporated into sulfides, which exclude Th and U.  The Pb in samples 

SLRD0808 (slmd unit) and SLRD0806 (slad unit) is the least radiogenic and is only slightly 

removed from enriched mantle compositions (Shirey et al., 1994).  The common Pb associated 

with the sulfides in these samples has swamped the radiogenic component because of the very 

low U/Pb ratio for the whole rock.  SLRD0813 (slad unit) also has high concentrations of Pb for 

the Sonju Lake intrusion samples and a low U/Pb ratio, which has lead to only limited 

development of radiogenic Pb over time.  The remaining samples are generally more radiogenic 

with increasing differentiation and higher concentrations of U.  Exceptions are attributed to 

intercumulus phases crystallized from trapped liquid and can be seen with samples SLRD0801 

and SLRD0802, a troctolite (slt unit) and a gabbro (slg unit) respectively.  These mesocumulates 

contain more radiogenic Pb than the adcumulate Fe-gabbros of the slfg unit and thus have 

higher U/Pb ratios. 
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Figure 15.  Plots of A) 206Pb/204Pb vs. 207Pb/204Pb and B) 206Pb/204Pb vs. 208Pb/204Pb from the 
Sonju Lake intrusion and Finland granite.  Duluth Complex data from Ripley et al. (1999).  
Enriched mantle represents hypothetical enriched mantle source for main stage of volcanism in 
the Midcontinent Rift from extrapolation of the Portage Lake basalt data to the 1.1 Ga geochron 
(Shirey et al., 1994).  Pb growth curves for enriched mantle of μ=8 and 8.4 are shown in A and 
μ=8, κ=4.2 in B. κ = (

232
Th/

238
U).  Finland granite trend is illustrated by a dashed line in B. 
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   Figure 15B shows a plot of 206Pb/204Pb versus 208Pb/204Pb.  The majority of Sonju Lake 

intrusion samples plot along or beyond the growth curve representing µ=8 and κ=4.2 and are 

again consistent with the growth of radiogenic Pb after removal from an enriched mantle 

composition and undergoing differentiation.  However, in 206Pb/204Pb versus 208Pb/204Pb space a 

distinct difference can be noticed in the samples from the SLI-1 core, which all show elevated 

levels of 208Pb/204Pb compared to the rest of the samples with similar 206Pb/204Pb values.  This 

suggests the assimilation of a contaminant enriched in thorogenic Pb.  The line of SLI-1 core 

samples can be reproduced with an addition of material high in 208Pb/204Pb relative to the 

enriched mantle composition at 1096 Ma and subsequent growth of radiogenic Pb with κ=4.2.  

 Three points from the Finland granite form a trend separate from the Sonju Lake 

intrusion and the SLI-1 core.  This divergence was not significant in a plot of 206Pb/204Pb versus 

207Pb/204Pb, but in 206Pb/204Pb versus 208Pb/204Pb space, the Finland granite samples form a trend 

with a different orientation than the majority of Sonju Lake intrusion samples, with the most 

radiogenic sample (AC-1-56, frpm unit) enriched in uranogenic lead relative to thorogenic lead 

and to the Sonju Lake intrusion with the execption of sample SLRD0804 (slad/slmd unit), which 

also seems to be enriched in uranogenic lead.  This could indicate crustal assimilation, but the 

contaminant is unlikely the same as in the SLI-1 core based on the less radiogenic isotopic 

composition of Nd that is observed in the SLI-1 samples.  Sample SLRD0804 was taken from one 

of the subconformable lenses of apatitic olivine ferromonzodiorite that occur in the top of the 

ferrogabbro unit and is also the most heavily altered of any samples.   

 Vervoort et al. (2007) conclude that partial melting of evolved Archean and Proterozoic 

rocks in the crust best explain the crustal component evident in the radiogenic isotope 

compositions of main stage granophyres such as the Finland granite. They reported εNd ranging 
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from -3.1 to -7.6 for those bodies.  Isotopic heterogeneities in the Finland granite could account 

for the difference from the eastern exposed section to the western drill core.  However, a more 

detailed isotopic investigation of the granite, than was conducted for this study is necessary to 

confirm this. 

5.5 Isotopic Implications for the Origin of BRD-SLI Hybrid Dikes  

 A lesser objective of this study was to evaluate the origin of the mafic-felsic hybrid dikes 

(Fig. 3) that Miller et al. (1993) interpreted to represent mixing between residual Sonju Lake 

magma and the Beaver River diabase magma.  The BRDRD08 sample is indistinguishable from 

the Sonju Lake samples and the granitic dike from the SL02-1 core, which Joslin (2004) 

interpreted to be related to the BRD-SLI hybrid dikes, contains more radiogenic lead than any 

other samples and does not fall on the trend of the Sonju Lake intrusion samples.  The 

radiogenic isotope data seem to indicate that the granitic dike is not related to the BRD-SLI 

hybrid dikes.  No other hybrid dike samples were analyzed.   

5.6 Estimates of the Parent Magma of the Sonju Lake Intrusion 

 Bulk compositions calculated as described in Chapter 3 (Methods) for the Sonju Lake 

intrusion based on stratigraphic column models A, B and C (Appendix B), as well as that reported 

by Miller and Ripley (1996), are shown in Table 6.  Column A is the rock column from outcrop 

samples to the slmd/frpm boundary, column B sums the same section, but uses the SLI-1 core 

for the upper part of the column and column C is column A with a volume of frpm added to the 

top of the column.  Previous estimates of the bulk composition of the Sonju Lake intrusion by 

Miller and Ripley (1996) were attempted in the same manner as column B was approached in 

this study and as described in Chapter 3. New bulk composition calculations were made for this 
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study because additional whole rock analyses have been acquired since Miller and Ripley’s 

(1996) study (this study; Miller, 1999; Joslin, 2004).  Some of these analyses have been 

incorporated into all columns calculated in this study.  The addition of these analyses, along with 

slight differences in the number of calculation steps, location of interval boundaries and profile 

lines account for the difference in bulk compositions reported by Miller and Ripley (1996) and 

those reported here (Table 6). 

 The bulk composition from column B was chosen over that of column A for initial 

modeling of the liquid line of descent because of the high sample density of the SLI-1 core.  The 

gradational contact observed at the top of the SLI-1 core (Fig. 4) between the prismatic quartz 

ferromonzodiorite (interpreted by Miller, 2004 to be equivalent to the frpm unit of the Finland 

granite) and the apatitic olivine ferromonzodiorite (interpreted to correlate with the slad-slmd 

units of the upper Sonju Lake intrusion) also provides a more completely defined lithologic roof 

to the intrusion than the outcrop samples of column A.  

 As discussed in Chapter 3, Miller and Chandler (1997) expressed uncertainty about 

determining the geochemical top of the Sonju Lake intrusion for their liquid line of descent 

calculation because of unknown contributions from the Finland granite.  The same was true for 

Miller and Ripley’s (1996) parent magma calculation.  They surmised that the bulk composition 

of the Sonju Lake intrusion, from the basal melatroctolite to the top of the mafic prismatic 

olivine ferromonzodiorite (slmd) unit, would be an accurate estimate of the Sonju Lake parent 

magma.  However, neodymium isotope data from this study suggest that contamination from 

the Finland granite is evident in the Sonju Lake intrusion after the cumulus arrival of apatite.  

Clearly, any bulk composition of the Sonju Lake intrusion includes a Finland granite component 

and does not represent uncontaminated parent magma.  However, because assimilation was  
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confined to the top of the intrusion and the rate of assimilation appears to be low based on Nd 

isotope data, the estimated parent magma composition calculated by Miller and Ripley (1996) 

and the bulk compositions calculated in columns A and B of this study could be considered close 

approximations to a plausible Sonju Lake parent magma, albeit one that excludes the quartz 

ferromonzodiorite (frpm) unit from the bulk composition calculations. 

 However, as discussed in section 5.3, neodymium isotope data also strongly suggest that 

the quartz ferromonzodiorite (frpm unit) is a differentiate of the Sonju Lake intrusion that has 

been contaminated by the Finland granite and is not phase of the Finland granite that has 

assimilated some of the Sonju Lake magma.  This indicates that along with including a Finland 

granite component, the previous parent magma compositions left out a portion of the Sonju 

Lake intrusion by stopping at the frpm unit boundary.  Base on this reinterpretation of the frpm 

unit, a third bulk composition of the Sonju Lake intrusion was calculated - column C (Table 6).   

Difficulties in this model were again encountered in just how much of the frpm to 

include.  One limit on the amount of material that can be added is provided by the Fo content of 

olivine in the basal melatroctolite (slmt).  Incorporating too much of the ferromonzodiorite into 

the parent magma reduces the mg# of the liquid.  An initial liquid with too low of an mg# cannot 

produce the olivine in the basal melatroctolite that is observed to have Fo79.3±0.2 (Miller and 

Ripley, 1996).  A liquid with a higher mg# could produce an olivine with a higher Fo content that 

could later equilibrate with more iron-rich trapped liquid and result in the Fo contents found in 

the melatroctolite.  The Fo content of olivine in the basal unit provides a lower limit on how 

magnesian the parent magma must be.  However, because the bulk compositions calculated 

here are contaminated by Finland granite, the bulk composition is not the composition of the 
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liquid that crystallized the basal olivine and this check cannot be used until the chemical 

signature of the contaminant is removed.   

 Nd isotope modeling in the previous sections implies that the Finland granite 

component assimilated into the bulk composition of the Sonju Lake intrusion is approximately 1-

1.5% by mass.  Decreasing density relative to earlier cumulate layers would lead to a slightly 

larger percentage by volume.  Since the leucogranite of the Finland granite is approximately a 

eutectic composition, an anatectic melt of this granite will be approximately congruent (i.e., the 

same composition as the leucogranite).   Therefore, to correct for the assimilation of the granite, 

a 2% volume of average Finland leucogranite composition was subtracted from the column C 

bulk composition, which was then divided by the difference (98%) of total amount of magma 

(100%) and the volume subtracted (2%).  This process should effectively remove a 2% 

contribution of eutectic granite composition, leaving an uncontaminated Sonju Lake parent 

magma.  This corrected composition (C*) is reported in Table 7. 

 With the Finland granite contribution removed, this modified bulk composition (C*) can 

be used as an approximation of the Sonju Lake parent magma and can be expected to produce 

an olivine with Fo content near to that of the observed in the basal melatroctolite.  Assuming 

90% of iron is available as ferrous iron and that the equilibrium constant of magnesium and iron 

in a melt-olivine system is equal to 0.30 (Roeder and Emslie, 1970), the maximum volume of 

quartz ferromonzodiorite (frpm unit) that can be included in the corrected bulk composition of 

column C and still crystallize Fo79 olivine is equal to 6.35% of the total Sonju Lake intrusion 

volume. 

 To provide a range of possible parent magmas, similar contaminant removal calculations 

were performed on the column B bulk composition, removing a percentage of Finland granite  
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Table 7. Corrected bulk compositions of the Sonju Lake intrusion, removing 2, 1 and 2% volumes 
of average Finland granite composition from columns C and B respectively. 
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contaminant equal to 1% (B*1)and 2% (B*2)volumes of the Sonju Lake intrusion.  These 

corrected bulk compositions are reported in Table 7 along with the corrected bulk composition 

of column C (C*) and represent possible parent magmas that assume the top of the Sonju Lake 

intrusion is the top of the olivine ferromonzodiorite (slmd unit).  If the interpretation of the 

quartz ferromonzodiorite (frpm unit) as a contaminated upper differentiate of the Sonju Lake 

intrusion is correct, as the Nd isotope data imply, C* would be the more appropriate parent 

magma. 

5.7 Empirical and Forward-modeled Liquid Lines of Descent 

Calculated liquid lines of descent for rock columns A and B and the forward modeling of 

bulk composition B calculated by the Pele program are plotted on AFM diagrams (Fig. 16).  Also 

shown is the liquid line of descent calculated by Miller and Chandler (1997).  All liquid lines of 

descent are generally similar and indicate a Fenner-type trend of differentiation characterized 

by strong iron enrichment.  This trend is typical of shallow, tholeiitic mafic intrusions (Wager and 

Brown, 1968).  The liquid line of descent for column C shows less pronounced degree of iron 

enrichment on an AFM diagram (Fig. 17) because of the inclusion of relatively iron-poor (FeOt ~ 

10.8 wt.%) quartz ferromonzodiorite in the top of the column.   

The Pele model liquid line of descent for the corrected column C composition (C*) 

shows a stronger iron enrichment trend than the empirical calculation (Fig 17).  North Shore 

Volcanic Group lava compositions represent a spectrum of differentiation and assimilation that 

moves compositions from the initial primitive olivine tholeiite associated with the MCR and are 

shown in Figure 17 for comparison.  It should be emphasized that all empirical liquid lines of 

descent describe the evolution of the differentiating liquid, including any assimilation that took 

place. 
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 Figure 16.  AFM diagrams (Na2O+K2O-FeO-MgO, wt.%) of calculated liquid lines of descent of 

the Sonju Lake intrusion through the layered sequence.  Pele model liquid starting with 
column B bulk composition also shown on right.   Whole rock compositions of Finland 
granite (frg) and quartz ferromonzodiorite (frpm) are also plotted on left.  Modified 
from Miller and Chandler (1997). 
 

 

 

Figure 17. A) Calculated empirical liquid line of descent for column C.  B) Pele model liquid line 
of descent for column C bulk composition after removal of Finland granite component 
(C*).  C) North Shore Volcanic Group lava compositions.  OT, olivine tholeiite; TB, 
transitional basalt; A, andesite; FA, ferroandesite; I, icelandite; R, rhyolite, (after Green, 
1983). 
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 Empirical liquid lines of descent calculated from columns B and C are plotted on Harker-

type diagrams of major and trace element vs. percent crystallization in Figure 18. Liquid lines of 

descent calculations using the Pele program are also shown in Figure 18.  Most major elements 

show good agreement throughout the intrusion, with little to no separation from the predicted 

Pele lines.  FeO, K2O and Na2O follow the predicted patterns closely until the intrusion is 50% 

crystallized, where potassium begins to exhibit lower concentrations than the model 

predictions, followed shortly thereafter by higher levels of iron at 65% crystallized.  Sodium also 

exhibits lower concentrations than the model starting at ~70% crystallized.  In each of these 

cases, the model predicts a change and the observed oxide concentrations are either delayed or 

subdued versions of the change.   Incompatible trace elements in the model are almost without 

exception enriched in the liquid at a higher rate than observed in column B, especially after the 

cumulus arrival of apatite.  If this were the result of assimilation in the observed samples, 

addition of incompatible enriched Finland granite would be expected to increase the 

concentrations in the Sonju liquid relative to the model, which does not include assimilation.  

The divergence of observed patterns and the predicted results in trace elements can likely be 

attributed to inaccuracies in the partition coefficients for each element and mineral, which have 

ranges of acceptable values.  

 Applying the Column B bulk composition to the Pele model a remarkably good fit to the 

observed cumulus arrivals of olivine, plagioclase, clinopyroxene, Fe-Ti oxide and apatite (Fig. 19) 

with fO2
 set at -2 units below QFM under isobaric conditions.  The liquidus temperature of the 

column B composition is 1234 degrees C.  The cryptic layering in Fo content in olivine, mg# in 

pyroxene and An content in plagioclase (Fig. 20) are better reproduced by the model when  
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Figure 18.  Major, minor and trace element data vs. percent crystallization in the Sonju Lake 
intrusion.  Data points are steps in the liquid line of descent for the SLI for columns B 
and C, calculated as described in text and Appendix B.  Lines are Pele model outputs for 
selected oxides and elements using the bulk composition calculated from columns B and 
C as the initial composition.  Oxides are in wt. %, trace elements are in ppm. Continued 
on next page. 
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Figure 18 continued. 
 
estimating 25% trapped liquid and minimal recharge by removing 0.5 grams of magma from the 

initial 100 gram chamber and assimilating 0.25 grams of initial liquid composition at each step.  

Substituting corrected bulk compositions in for the initial compositions in modeling produces 

little to no noticeable effect in the outcomes of modal and chemical data. 
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 Although forward modeling in Pele with an initial liquid composition based on bulk 

composition B, which assumes that the top of Sonju Lake intrusion is the top of the olivine 

ferromonzodiorite (slmd), provides a reasonable fit to the data, isotope results clearly indicate 

contamination by the Finland granite in the upper part of the Sonju Lake intrusion and that at 

least a portion of the quartz ferromonzodiorite (frpm) is a late stage differentiate of the layered 

mafic intrusion.   

 

 
Figure 19.  Stratigraphic variations of measured modal mineralogy and average cumulus mineral 

mode compared to Pele model cumulus arrivals and modal percentages.  Pele model ran 
to 90% crystallization with initial column B bulk composition, projected to strat height 
assuming top of slmd is 100% crystallization.  Modal data from Miller and Ripley (1996). 
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 In an attempt to model assimilation in the Sonju Lake intrusion, the Pele model was 

applied using the column B bulk composition as described above.  At the apatite arrival, the  

composition of the liquid was reentered as the starting composition (100 grams of liquid) and 

assimilation was activated, assimilating 0.1 gram per step of a solid with the approximate 

composition of the Finland granite.  The Pele model of assimilation is designed to add a constant 

mass of assimilant at each crystallization step.  Temperature of the system is based upon the 

temperature and mass of the assimilant added and consequently, so is the percent 

crystallization of the liquid at each step.  In this model, as the intrusion cools the rate of  

 
Figure 20.  Measured cryptic variations in Fo in olivine, En’ (=mg#) in augite and An in 

Plagioclase.  Color underlay shows trend of Pele model predicted cryptic variations 
starting with column B bulk composition and simulating trapped liquid as described in 
text.  Mineral and chemical data from Miller and Ripley (1996) and Joslin (2004). 
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assimilation goes up because while the crystallization steps get smaller, the amount of 

assimilant added remains constant.  This is unfortunate because the ability of the Sonju Lake 

magma to assimilate material is likely greater at higher temperatures.  However, this does have 

the effect of increasing the contribution of the Finland granite to the Sonju Lake magma at 

higher levels in the intrusion and provides an acceptable fit to the observed isotope ratios of 

neodymium (Fig. 21).  

 Problems with this model include the unrealistically rapid rate at which neodymium and 

other incompatible elements are concentrated in the liquid (resulting in higher concentrations 

of Nd than observed at the cumulus arrival of apatite), the incomplete crystallization of the 

magma chamber (maximum of 82% crystallized), the increasing rate of assimilation, and the 

initial Finland granite contaminant incorporated into the column B bulk composition.  
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Figure 21.  Concentration of Nd vs. εNd showing two-stage Pele model described in text and 
simple mixing curve for identical end members.  Ticks on mixing curve are 10% 
increments.  The AFC model curve for DNd=0.86 and r = 0.05 is shown for comparison.   

Substituting the corrected bulk compositions C*, B*1 and B*2 produces indistinguishable results 

on a plot such as that shown in Figure 21, indicating that the Finland granite contaminant 

included in the uncorrected bulk compositions has little effect on the model. 

 
5.8 Further Studies 

 The previous discussion and forthcoming conclusions include certain assumptions about 

the nature of the Finland granite and its isotopic composition.  Limited sampling from a 

relatively small portion of the granite has yielded a consistent isotopic composition for the 

leucogranite.  The modeling in this study assumes that this consistent isotopic composition is 

the singular signature of the leucogranite in the area of the exposed Sonju Lake intrusion.  The 

interpretation here that the quartz ferromonzodiorite that lies between the Finland granite and 

the Sonju Lake intrusion is a late stage differentiate of the Sonju Lake intrusion that was 

contaminated by assimilating the Finland granite is strongly dependent on this assumption of 

isotopic homogeneity of the leucogranite.  The anomalous isotopic signature of the SLI-1 core, 

however, calls into question this assumption.   If the granite is isotopically heterogeneous, this 

opens up the possibility that the quartz ferromonzodiorite is actually part of a composite Finland 

granite with multiple isotopic compositions.  If the Finland granite were to have a 

heterogeneous isotopic signature that included less negative values of εNd, the quartz 

ferromonzodiorite would not have to be mostly Sonju Lake intrusion differentiate.  The Finland 

granite is already the least negative of main stage granophyres (-3.0 to -7.6 εNd) and one sample 

of prismatic quartz ferromonzonite from the AC-1 core (AC-1-79, -3.0 εNd) has been shown to 

have negative εNd values similar to the leucogranite (Vervoort et al., 2007), indicating that the 
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isotopic signature of the frpm unit between the Finland granite and the Sonju Lake intrusion (-

1.72 to -2.01 εNd) is not a primary feature of this rock type.  Clearly, a follow-up study on the 

isotopic variability of the granite is needed to confirm the interpretations presented in this 

study. 

6. Conclusions 

The principal conclusions of this study are as follows:  

1.  The Sonju Lake intrusion exhibits evidence of contamination by the Finland granite in 

its isotope composition starting at the cumulus arrival of apatite in the exposed study 

area.  

2.  The quartz ferromonzodiorite (frpm unit), which has been routinely assigned as a 

subunit of the Finland granite may, in fact, be a contaminated upper differentiate of 

the Sonju Lake intrusion.   

3. Best fit to the Nd isotope data to an AFC model above the cumulus arrival of apatite 

require assimilation rates of Ma/Mc = 0.05, where Ma is the rate of mass assimilated 

and Mc is the rate of mass crystallized.  The total mass of Finland granite estimated 

to have been assimilated by the Sonju Lake intrusion is 1-1.5% of the total Sonju Lake 

intrusion mass. 

4.  Previous estimates of the Sonju Lake parent magma did not take into account the 

contribution of assimilated Finland granite to the bulk composition and neglected to 

include the contribution of the quartz ferromonzodiorite (frpm unit).   The estimated 

parent magma from corrected bulk composition is a moderately evolved tholeiitic 

basaltic magma with minimum mg # of 53.02. 
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5.  Further study of the Finland granite is required to resolve the questions produced by 

the radiogenic isotopic signature of the SLI-1 core and the complex relationship 

between the leucogranite and the quartz ferromonzodiorite. 
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