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Abstract 
 
Reconstructions of the regional plate tectonics and radiometric dating suggest that the 
genesis of the Kodiak batholith, Kodiak Island, Alaska, and correlative near-trench 
intrusions from Sanak to Baranof islands in southern Alaska, resulted from the 
subduction of the active Kula-Farallon mid-ocean ridge.  The subduction of an active 
spreading center creates a slab window, allowing the juxtaposition of upper mantle 
magma with the accretionary prism.  A siliceous melt was generated as greywacke and 
argillite trench sediments melted during the passage of the slab window.  Using stable 
oxygen isotope analysis and geochemistry of major and trace elements, this research 
characterized the rocks from granites to tonalites, highly peraluminous, and as S-type 
granites.  δ18O values from quartz ranged from 11.12‰ to 15.05‰. These elevated δ18O 
values suggest the incorporation of sedimentary flysch in the melt.  The incorporation of 
more evolved, pelitic sediments, as compared to volcanoclastic sediments, gives the 
Kodiak batholith S-type character as opposed to the I-type character observed in other 
Sanak-Baranof intrusions. 
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Introduction 
 

The Kodiak Island batholith (>750 km2) is a member of a 2100-km long 

discontinuous series of intrusions into fore-arc trench deposits in southern Alaska (Figure 

1).  These intrusions range from the Sanak and Shumagin islands in the west to Baranof 

island in the east and have been widely interpreted as the product of mid-ocean ridge 

(MOR) subduction between 61 Ma and 50 Ma (Barker et al., 1992; Bradley et al., 1998; 

Haeussler et al., 2002; Hill et al., 1981).  The subduction of an active MOR generates a 

slab window, juxtaposing the mantle and the accretionary prism (Gorring and Kay, 2001; 

Thorkelson, 1996; Thorkelson and Taylor, 1989).  DeLong (1979) suggests that a slab 

window works like a ‘blow-torch,’ producing anatexis in the fore-arc and the production 

of siliceous melts through the mixing of mantle derived basaltic magma and anatectic 

melts.  These conditions favor the generation of granitic magmas that could contain a 

substantial sedimentary component (DeLong et al., 1979; Huppert and Sparks, 1988). 

The Kodiak batholith is one of the largest intrusions in the Sanak-Baranof belt, 

but has not enjoyed the attention other plutons have received.  Although the tectonic 

setting is generally similar for Sanak-Baranof intrusions, the chemical composition of the 

intrusions vary (Barker et al., 1992).  The type of assimilated sedimentary country rock 

mainly causes the differences in chemical composition.  In this study, we use stable 

oxygen isotope analysis to help test if a sedimentary component is an important 

constituent of the Kodiak batholith.  Typically, δ18O is elevated in granites containing a 

sedimentary component compared to I-type granites (Hoefs, 1997). 

In addition, I use whole-rock geochemical analysis of the Kodiak batholith to help 

define the mantle and sedimentary components of the melt, revealing that there was 
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indeed a substantial pelitic sedimentary component assimilated into the melt.  The results 

from this study offers an opportunity to better understand the genesis of the Kodiak 

batholith and how the upper mantle interacts with the lower crust when the two come into 

direct contact. 

 

Ridge subduction, slab window formation and mantle chemistry  

The Sanak-Baranof intrusions reside in a forearc environment (Hill et al., 1981).  

The occurrence of igneous rocks in a forearc environment is anomalous in classic plate 

tectonic reconstructions (Thorkelson et al., 1989).  There have been many melt-

generating and plate tectonic models proposed (e.g. Hill et al., 1981; Hudson, 1994), but 

the current favored mechanism is the manifestation of a slab window during the 

subduction of diverging plates (Barker et al., 1992; Haeussler et al., 2002; Helwig and 

Emmet, 1981; Hill et al., 1981; Kusky et al., in submission). Outwardly, this magma-

generating mechanism seems very simplistic; however, the controlling factors of ridge 

subduction and the interactions between the upper mantle and lower continental crust are 

probably very complex. 
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Figure 1.  Index map of the 2100-km Sanak-Baranof belt of near-trench 
intrusions.  Major plutons are located on the Sanak and Shumagin Islands, 
Kodiak Island, near Cordova in Prince William Sound, and Baranof Island.   
Adapted from Barker et al. (1992).    
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Empirical and theoretical studies show that subduction of progressively younger 

lithosphere will tend to cause shallowing of subduction angles and reduction in 

subduction rates (Cloos, 1993; Thorkelson, 1996).  In some cases, subduction may stop 

before the ridge intersects the trench, leading to the possible cessation of sea-floor 

spreading, as suggested for parts of the East Pacific Rise where it approached North 

America in the middle Tertiary (Thorkelson, 1996). However, in other cases, subduction 

is uninhibited and even the youngest, positively buoyant parts of the oceanic plates are 

drawn into the trench.  For this to occur, the combined forces of ridge push and slab pull 

must exceed buoyant forces exerted by the subducting plate (Thorkelson, 1996).  

Although the necessary conditions for ridge subduction are stringent, these systems may 

be more prevalent than previously believed.  For example, Gorring and Kay (2001) link 

the eruption of Neogene plateau lavas over large areas of Patagonia, southern Argentina, 

with the collision of a Chile Ridge Segment with the Chile Trench.  

At a ridge-trench encounter, the trailing edge of one or both of the diverging 

oceanic plates descends into and becomes surrounded by hot mantle; that is, the slab is 

separated from the overriding plate by a wedge of asthenosphere (Livaccari and Perry, 

1993).  Magma will continue to be generated in the upwelling mantle between the 

diverging plates and will not cool; rather, any magma generated will rise through the 

asthenosphere between the trailing slab edges and pool beneath or ascend through the 

overriding plate (Thorkelson, 1996).  Since plate growth does not occur between the 

diverging plate, a gap, or slab window will form. 

Two important changes to the mantle wedge above the subducting slab occur as a 

result of the development of a slab window: a decrease in hydration and an increase in 
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temperature (DeLong et al., 1979).  These changes will have a direct effect on the 

chemistry of the magmas generated in these systems.   

The decrease in hydration above a slab window causes normal arc volcanism to 

wane or cease (Thorkelson, 1996), and tholeiitic to alkalic magmatism may replace calc-

alkaline magmatism.  Thus, magma sources should dominantly reflect the chemistry of 

the asthenospheric mantle beneath the subducting plate, as opposed to normal arc and 

back-arc magma sources that reflect the mantle above the subducting plate. 

  Mantle upwelling through the slab window creates the elevated temperature 

anomaly.  As the asthenosphere flows upward through the slab window, decompression 

melting may occur resulting in melts akin to mid-ocean ridge basalt (MORB) very near to 

the trench and more alkalic magmas farther beneath (Thorkelson, 1996).  DeLong (1979) 

refers to this process as the ‘blow-torch’ effect, and attributes this effect to voluminous 

assimilation or anatexis of the fore-arc wedge that leads to the emplacement of 

intermediate or granitic rocks.   Based on the thermal calculations of DeLong et al. 

(1979), temperatures close to the interface between the slab window and the accretionary 

prism will reach or exceed 600-700° C.  At this temperature, which exceeds the water-

saturated solidus for granitic rocks, any granitic melts produced from accretionary 

sediments or arc-derived volcaniclasitic materials should easily rise into the overlying 

prism.   

Although it is generally accepted that oceanic upper mantle is dominated by 

depleted MORB-type mantle, it is important to note that the chemistry of the 

asthenospheric mantle beneath continents is not as well constrained (Carlson, 1995).  

This will have implications regarding the chemistry of melts generated by slab windows 
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in different systems because of the presence or absence of specific components in the 

mantle.  For example, the chemistry of Neogene slab window lavas from the Antarctic 

Peninsula have HIMU-like signatures, suggesting that ocean-island basalt-like 

heterogeneities might exist in the shallow asthenosphere of this region (Gorring and Kay, 

2001).  In contrast, the chemistry of Neogene slab window lavas from Baja California to 

British Colombia indicates that the shallow asthenospheric mantle along western North 

American margin is similar to typical MORB producing mantle (Gorring and Kay, 2001).  

 

Geologic and Tectonic Setting 

The Chugach and the Prince William terranes of southern Alaska are elongate 

belts of metasedimentary rocks interpreted to be accretionary complexes that extend for 

at least 2100 km around the Gulf of Alaska (Plafker et al., 1989; Sample and Moore, 

1987) (Figure 1). Kodiak Island is part of the Chugach terrane, which consists of an older 

mélange unit and the younger Kodiak Formation (Nilsen and Moore, 1979; Plafker et al., 

1989).  The older mélange unit was accreted in the Late Cretaceous and the Kodiak 

Formation was accreted earlier in the Maestrichtian (Nilsen and Moore, 1979). The flysch 

sediments of the Kodiak Formation are slope, fan, and basin-plain turbidites, with 

volumetrically minor intercalations of ophiolitic mafic intrusive and volcanic tholeiite 

(Plafker et al., 1989).  The petrography of the flysch indicates a volcanic arc origin from 

a source region to the east with deposition occurring during the Maestrichtian or, at the 

earliest, the Campanian (Moore et al., 1983; Plafker et al., 1989).  Plafker et al. (1989) 

reports that sandstone to pelite ratio for the Kodiak Formation and correlative units is 

highly variable, although most commonly ranges from 2:1 to 4:1.  Haeussler et al. (2002) 
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also observed the presence of ophiolite sequences with intercalated turbidites within an 

apparently correlative accretionary complex on the Resurrection Peninsula of southern 

Alaska.  The multiple occurrences of these ophiolite-turbidite complexes is indicative of 

a mid-ocean spreading center near the continental margin (Helwig and Emmet, 1981; 

Plafker et al., 1989).  

Global plate reconstructions and paleomagnetic data indicate unequivocal 

northward motion of the Pacific ocean plates since 150 Ma (Moore et al., 1983).  As a 

result, at least the Kula-Pacific and Kula-Farallon spreading centers have been driven into 

subduction zones bordering the north and eastern margins of the Pacific plates (DeLong 

et al., 1979; Moore et al., 1983). Bradley et al. (1998) demonstrated using U/Pb and 

40Ar/39Ar dating that magmatism was time-transgressive, beginning at 61 Ma on Sanak 

and Shumagin islands and ending around 50 Ma on the eastern end (Figure 2). From this 

evidence, Bradley (1998) inferred that the trench-ridge-trench (TRT) triple junction, that 

marked the site of ridge subduction between the Kula-Farallon plates, migrated 2100 km 

in 13-16 million years.  However, Haeussler et al. (2002) suggests that a missing plate 

termed the Resurrection Plate better fits the observed volcanism during that time.  If the 

Resurrection Plate was located east of the Kula Plate and north of the Farallon plate, the 

subduction of spreading ridges between these three plates correspond well to the coeval 

near-trench magmatism observed in southern Alaska and the northwestern United States 

(Figure 3). 
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Figure 2.   Plot of age versus distance of near-trench magmatism from 
Sanak Island in the west to Baranof Island in the east.  Age 
progression in southern Alaska indicates west to east migrating TRT 
triple junction.  Adapted from Kusky et al. (in submission). 
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Figure 3.  Plate geometry proposed to explain 
the coeval magmatism in southern Alaska and in 
the Pacific Northwest.  Two TRT triple 
junctions indicate the presence of an addition 
oceanic plate, the Resurrection plate.  Adapted 
from Haeussler et al. (2002). 
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Controlling factors of δ 18O signatures 

Magmatic rocks should exhibit relatively small differences in δ18O composition 

because of their high temperature of formation (Hoefs, 1997; Valley, 2001).  However, 

isotopic signatures in magma will be determined by the isotopic composition of the 

source region, the temperature of magma generation and crystallization, the mineralogical 

composition of the rock, and the evolutionary history of the magma including isotope 

exchange, assimilation of country rock, magma mixing, and alteration by water (Hoefs, 

1997).  Fractional crystallization has a nominal effect (<1‰) on stable oxygen isotope 

ratios because of the high temperatures of formations; and it is generally assumed that 

other processes are responsible for oxygen isotope variations larger than 1‰ (Valley, 

1986). 

Because the various surface and crustal environments are characterized by 

different and distinctive isotopic compositions, stable isotopes provide a powerful tool for 

discriminating between the relative role of mantle and crust in magma genesis.  Many 

granitic plutonic rocks throughout the world have relatively uniform 18O contents with 

δ18O-values between +6‰ and +10‰ (Hoefs, 1997).  Mantle derived granitoids at the 

low end of the normal group have been described from ocean-island-arc (OIB) areas 

where continental crust is absent, while granites at the high end of the normal group may 

have formed by partial melting of the crust that contained both a sedimentary and a 

mantle fraction (Rollinson, 1993; Taylor et al., 1978).  Anomalously high-18O values are 

the result of high-temperature exchange between the plutons and adjacent high-18O 
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country rocks and/or the result of an overprint during a secondary event such as 

weathering or low-temperature hydrothermal alteration (Hoefs, 1997; Taylor et al., 1978).  

It is only in the near-surface sedimentary or hydrothermal environments that the 

18O/16O fractionations are large enough to produce sufficiently large δ18O changes in the 

rocks (Valley, 1986).   Average sedimentary δ18O-values range from +10‰ to about 

+44‰ (Hoefs, 1997); these elevated values are a result of the fluid composition, 

temperature, and the effective mineral/water ratio of the environment in which the 

sedimentary rocks formed (Hoefs, 1997).  Greywacke sandstones typically have 

relatively high δ18O (+13‰ to +14‰), perhaps reflecting their high content of altered 

volcanic rock detritus, while SiO2-rich sedimentary rocks, such as shales, have δ18O 

ranging from +13‰ to +20‰ (Hoefs, 1997).  Metasedimentary argillites will basically 

reflect the isotopic characteristics of their sedimentary protolith, except that the δ18O 

values may have been slightly lowered through interactions with pore fluids (Valley, 

1986). 

Finally, in theory, temperatures can be estimated if minerals of interest record the 

δ18O equilibrium conditions for a specific geologic event (Valley, 2001).  Assemblages of 

quartz plus an aluminosilicate have yielded exceptionally precise and apparently accurate 

temperatures when applied as a Refractory Accessory Mineral (RAM) thermometer. δ18O 

analysis of a number of aluminosilicates allowed Sharp (1995) to constrain oxygen 

isotope fractionation factors with respect to other minerals, such as quartz.  According to 

Sharp (1995), δ18O-values for two phases (e.g. aluminosilicate and quartz) will achieve 

isotopic equilibrium at a specific temperature.  Thus, by combining oxygen isotope 
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thermometry with diffusion data, the metamorphic history and cooling rate can be 

constrained.  

 
Methods 
 
Sample collection. 

 Forty-seven samples (about 2-3 kg each) were chosen based on freshness.  

Twenty-four samples were taken from the granitic batholith, providing coverage of the 

NE and SW tips of the batholith, several satellite plutons and in transects across the 

batholith.  A field assimilation scale of 1-5 was established for granitic rocks.  Although 

approximate, the scale allowed for general comparisons to be made between sampling 

locations regarding the presence and abundance of assimilation characteristics, such as 

xenoliths, biotite and/or quartz clots, and the presence or absence of an aluminosilicate 

phase.  Samples of host rock were collected near the margins of the batholith in 

conjunction with transects, as well as in locations where emplacement of the batholith 

had little or no effect on the host rock.  Four gabbro bodies and three pillow basalts were 

also sampled.  The latitude and longitude of the sample locations were recorded using a 

global positioning system and plotted on U.S. Geological Survey topographical maps of 

the region. 

 

Preparation of quartz and sillimanite splits for δ 18O analysis. 

 Eleven samples (about 0.5 kg each) were trimmed using a diamond-bladed trim 

saw.  The samples were crushed using a JawCrusher.  10 g of each crushed sample was 

cleaned using 49% hydrofluoric acid for 4 hours.  Samples were then washed in 

hydrochloric acid and placed in an ultrasonic bath for 20 minutes to remove a frosty 
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residue from HF treatment.  Samples were then washed with water.  Under a binocular 

microscope 2-3 mg splits of quartz were hand selected.  If clean quartz could not be 

obtained, the quartz grains were rewashed using the same procedure.  Samples were 

stored in ethanol until analysis. 

 Based on cleavage angles from selected hand samples, the aluminosilicate crystals 

were determined to be sillimanite as opposed to kyanite.  Five thick sections of 2-3 cm 

long sillimanite crystals were prepared at the University of Wisconsin-Madison.  5 mm 

wedges were cut from the thick section, and released from the mount through emersion in 

ethanol overnight.  The sillimanites were broken into three clean sections (2-3 mg each) 

that sampled two polar margins and core of the crystals. 

 

Stable oxygen isotope analysis. 

 Stable oxygen isotope ratios (δ18O) of 1-2 mg mineral separates of quartz and 

sillimanite were analyzed at the University of Wisconsin-Madison by laser fluorination, 

in the presence of BrF5, and gas-source mass spectrometry (Valley et al., 1995).  The 

oxygen isotope data are reported in the standard δ notation relative to Vienna standard 

mean ocean water (V-SMOW).  The equation follows (Faure, 1977): 

δ18O = [(18O/16O)spl - (18O/16O)V-SNOW / (18O/16O)V-SNOW] * 103 ‰   

Quartz and sillimanite grains were analyzed using the rapid heating and a defocused laser 

beam technique (Spicuzza et al., 1998).  The standard used was UWG-2 (Valley et al., 

1995), yielding accuracy for quartz analysis ± 0.10‰ and for sillimanite analysis ± 

0.20‰.  
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Thermometry. 

Sharp (1995) developed the following δ18O quartz-sillimanite geothermometer: 

(δ18Oqtz - δ18Osill) =  2.25 * (106/T2)     T in K 

Using the δ18O-values obtained from quartz and sillimanite, equilibrium temperatures 

were calculated based on the δ18O value for sillimanite margins and core.  The 

temperatures were then averaged to give the equilibrium temperature. 

 

X-Ray Fluorescence analysis. 

Twenty samples were trimmed using a diamond-bladed trim saw.  The small 

samples were crushed using a JawCrusher.  The samples (about 80 mL) were powdered 

using a Pulversette mill for 25 minutes at rotation 10.   The powdered samples were dried 

for 3 hours at 165˚ C to evaporate water. 1.000 ± 0.005 g of the dried sample was mixed 

with 6.000 ± 0.005 g of Premier X-Ray Flux (PFF-1222). Seven drops of 2% LiI was 

added to each powder mixture prior to melting with a Claisse Fluxy.  The fused disks 

were analyzed using a Philips PW1404/10 X-Ray Fluorescence machine for major 

elements and trace elements.  LOI was not performed. 

 

Results 

Field Evidence. 

 The greywacke and argillite comprising the Kodiak formation are moderately 

recrystallized during regional metamorphism to the lower greenschist facies.  Locally, 

these rocks reach low-pressure amphibolite facies conditions (cordierite + biotite) near 

plutons.  The Kodiak batholith and satellite plutons that intrude the Kodiak Formation are 
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topographically expressed (Figure 4).  Within the batholith, biotite granites and 

granodiorites are the most frequent rock types.  These rocks are medium grained, 

hypidioblastic granular and are relatively consistent throughout the outcrop.  Locally, 

muscovite- and orthoclase-rich leucocratic granites are found.  Most biotite grains are 

partially altered to chlorite and plagioclase grains are partially sericitized. 

Within the batholith, there is abundant evidence suggesting assimilation of the 

surrounding Kodiak Formation.  For example, greywacke and argillite xenoliths, locally 

up to 40%, are not uncommon.  The xenoliths ranged from highly angular with relict 

bedding to partially digested.  Angular xenoliths are typically found at batholith margins, 

while more-rounded and digested xenoliths are present in the batholith interior (Figure 5).  

The digested xenoliths contain the same minerals present as phenocrysts in the intrusion, 

including biotite, plagioclase, quartz, perthitic orthoclase and locally muscovite.  In some 

areas, highly digested xenoliths contained garnet and either sillimanite and/or kyanite 

(Figure 5B and 6).  In thin section, the aluminosilicate minerals were often surrounded by 

sillimanite and/or kyanite reaction rims.  Hill et al. (1981) interpreted the highly digested 

xenoliths containing biotite clots, aluminosilicates, and garnets to be relicts of partially 

digested amphibolite-grade metamorphic rocks present in the source region.  The angular 

xenoliths are interpreted as stope blocks derived from the magma chamber walls that 

have not enjoyed much time in the melt before complete crystallization.  The satellite 

plutons lack the abundant assimilation features observed in the main batholith. 

Locally, pillow basalts are present within the mélange. Sharp contacts between 

the pillow basalts and the surrounding mélange suggest an intrusive nature into fluid-

laden sediments, as opposed to an off-scraped ophiolite (Figure 7).  
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Several medium grained gabbro bodies were observed that range from 500 m to 

several kilometers in diameter.  These gabbroic intrusions are found both proximal to the 

main batholith and within the batholith.  One outcrop revealed a coarse-grained gabbro 

intrusion that graded into a medium-grained gabbro to a fine-grained basalt.  Also at this 

outcrop, several basaltic plumes rising from the coarse-grained gabbro body were 

observed intruding the surrounding host rocks. 
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Figure 4.  The prominence of the Kodiak Batholith: the center spine is the 
granitic intrusion flanked by the Kodiak Formation.  In the photo, the 
batholith in the foreground is approximately 8 km wide and extends to the 
tall peaks on the horizon.   Photo by George Tangalos. 
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Figure 5A. A coastal exposure at Anton Larsen Bay, Kodiak Island 
revealing angular stope blocks.  Relict greywacke and argillite bedding 
remains visible, thus indicating a short residence time in the melt.  
George Tangalos for scale; photo by Peter Haeussler. 
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Figure 5B.  A partially digested, well-rounded xenolith from the 
batholith interior exhibiting metamorphism to biotite- and 
aluminosilicate- bearing granodiorite.  The xenolith is surrounded by a 5 
cm biotite reaction rim, and was found in granodiorite with elevated 
δ18O. Pencil is 15 cm; photo by Haeussler (2002). 
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Figure 6.  An aluminosilicate xenocryst surrounded by a 2 mm biotite 
reaction rim.  Aluminosilicates xenocrysts were only observed were 
assimilation was abundant.  Pencil is 15 cm, photo by Peter Haeussler 
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Figure 7.  Light gray is pillow basalt intruding darker mélange.  The 
sharp contacts between the units and the plume-like appearance suggest 
an intrusive emplacement, as opposed to an off-scraped ophiolite.  
Hammer is 30 cm long scale, photo by Peter Haeussler. 
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Geochemistry  

Whole rock geochemistry for the Kodiak batholith is reported in Table 1.  The 

batholith ranges from granite to tonalite on the normative albite-anorthite-orthoclase plot 

(Figure 8).  On an Alk-FeO-MgO plot (Figure 9) the samples follow a tholeiitic trend.  

All of the igneous and sedimentary samples are peraluminous (Figure 10).  All values on 

the aluminum saturation index (ASI, molecular Al2O3/(K20 + Na2O + CaO)) are greater 

than 1.1, indicating S-type granite (Figure 11) (White et al., 1986).  Quartz samples from 

the Kodiak batholith have δ18O values from +11.12‰ to +15.05‰ (Table 2).  Sillimanite 

δ18O values range from +10.01‰ to +13.45‰; margin-core-margin δ18O values are 

variable with no dominant pattern (Table 3).  The quartz δ18O values roughly correspond 

to the field assimilation scale with an R2 = 0.7691 (Figure 12).   

 

Thermometry 

According to the temperature equilibrium equation, the δ18O for quartz and 

sillimanite equilibrated between 730˚C and 970˚C; a temperature range appropriate for 

granitic melts.  These results are summarized in Table 3.  There is no apparent trend in 

equilibrium temperature or δ18O across the sampled sillimanite xenocrysts.  This has 

implications relating to the origin of the sillimanite xenocrysts. 
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Table 1.  Major and trace element Geochemistry of the Kodiak batholith and 
Kodiak Formation. 
 

Station Location Petrography SiO2 (%) TiO2 (%) Al2O3 (%) 
02GTKD-06 N 57.45˚ W152.50˚ Gabbro 50.63 1.29 15.28 
02GTKD-46 N57˚32.3' W153˚05.0' Tonalite 60.08 0.77 16.20 
02GTKD-27 N57˚35.5' W153˚02.2' Tonalite 60.60 0.83 16.49 
02GTKD-43 N57˚34.1' W153˚05.3' Argillite 62.72 0.92 16.95 
02GTKD-14 N57.78˚ W152.45˚ Argillite 63.01 0.89 15.48 
02GTKD-25 N57.75˚ W152.95˚ Argillite 63.02 0.93 16.27 
02GTKD-39 N57˚33.8' W153˚03.5' Granodiorite 63.05 0.82 15.93 
02GTKD-07 N57.45˚ W152.50˚ Basalt 63.17 0.81 15.11 
02GTKD-32 N57˚36.4' W152˚58.5' Argillite/Greywacke 63.69 0.88 15.25 
02GTKD-15 N57.78˚ W152.45˚ Greywacke 64.19 0.80 15.38 
02GTKD-30 N57˚36.5' W152˚59.6' Argillite/Greywacke 64.31 0.87 15.04 
02GTKD-31 N57˚36.4' W152˚58.8' Argillite/Greywacke 64.69 0.89 15.63 
02GTKD-18 N57˚05.6' W153˚47.9' Granodiorite 67.25 0.50 15.00 
02GTKD-17 N57.75˚W153.27˚ Granodiorite 68.60 0.31 15.82 
02GTKD-26 N57.71˚ W152.94˚ Trondhjemite 70.11 0.24 15.96 
02GTKD-45 N57˚32.8' W153˚05.1' Granodiorite 70.35 0.34 15.65 
02GTKD-11 N57.89˚ W152.63˚ Granite 70.48 0.24 15.13 
02GTKD-16 N57˚36.6' W152˚54.3' Granite 71.82 0.29 15.01 
02GTKD-29 N57˚36.2' W153˚00.7' Granite 74.19 0.16 13.73 
02GTKD-09 N57.89˚ W152.65˚ Granite 74.80 0.02 14.10 

 

Station Fe2O3 (%) MnO (%) MgO (%) CaO (%) Na2O (%) K20 (%) P2O5 (%) 
02GTKD-06 9.70 0.18 6.93 9.19 3.04 0.75 0.17 
02GTKD-46 6.08 0.11 4.92 5.65 2.84 1.06 0.19 
02GTKD-27 6.56 0.11 3.58 4.52 3.10 1.88 0.22 
02GTKD-43 7.39 0.09 2.67 0.53 1.61 3.22 0.17 
02GTKD-14 7.81 0.13 2.84 0.98 2.15 2.20 0.24 
02GTKD-25 6.98 0.14 2.56 1.07 1.71 2.54 0.23 
02GTKD-39 7.10 0.11 2.71 2.65 2.65 2.15 0.20 
02GTKD-07 7.81 0.19 3.04 1.32 4.36 1.33 0.21 
02GTKD-32 7.27 0.10 2.50 2.33 3.50 1.55 0.25 
02GTKD-15 6.37 0.08 2.24 2.10 2.97 2.23 0.18 
02GTKD-30 7.58 0.09 2.74 1.27 2.74 2.08 0.21 
02GTKD-31 6.69 0.08 2.29 0.77 1.13 3.12 0.21 
02GTKD-18 3.90 0.07 1.72 3.22 3.25 2.32 0.28 
02GTKD-17 3.00 0.06 1.39 2.92 3.75 2.40 0.15 
02GTKD-26 2.66 0.05 0.78 2.27 4.59 2.54 0.14 
02GTKD-45 3.32 0.07 1.31 2.30 3.03 1.78 0.16 
02GTKD-11 2.94 0.07 0.64 1.57 3.97 2.85 0.14 
02GTKD-16 2.61 0.06 1.04 2.02 3.74 2.85 0.14 
02GTKD-29 1.66 0.05 0.51 1.11 3.52 3.67 0.14 
02GTKD-09 1.14 0.05 0.09 0.43 4.27 3.52 0.13 
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Table 1 continued. 

Station 
Cr2O3 
(ppm) 

NiO 
(ppm) 

Rb2O 
(ppm) 

SrO 
(ppm) 

Y2O3 
(ppm) 

ZrO2 
(ppm) 

Nb2O5 
(ppm) Total (%) 

02GTKD-06 459 92 11 433 28 180 6 97.15 
02GTKD-46 282 56 29 249 19 128 10 97.90 
02GTKD-27 187 53 62 293 26 178 11 97.88 
02GTKD-43 171 27 92 93 34 196 16 96.27 
02GTKD-14 192 49 70 176 30 178 16 95.73 
02GTKD-25 170 32 74 167 34 197 17 95.45 
02GTKD-39 151 53 67 267 29 181 14 97.36 
02GTKD-07 153 57 39 178 24 189 14 97.34 
02GTKD-32 163 56 52 278 27 190 15 97.33 
02GTKD-15 131 59 68 386 28 227 16 96.54 
02GTKD-30 184 60 61 174 27 182 17 96.91 
02GTKD-31 182 29 79 182 31 185 14 95.49 
02GTKD-18 72 38 74 171 45 266 11 97.52 
02GTKD-17 38 21 66 291 22 121 10 98.40 
02GTKD-26 14 13 80 255 25 128 10 99.34 
02GTKD-45 50 23 49 332 18 120 10 98.30 
02GTKD-11 17 32 81 178 29 154 14 98.03 
02GTKD-16 39 16 94 178 34 114 11 99.59 
02GTKD-29 18 15 125 93 37 72 13 98.73 
02GTKD-09 3 20 105 39 23 24 12 98.53 
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Table 2.  δ18O, and the field assimilation scale for selected stations from the Kodiak 
batholith. 
 

Station Location Petrography δ18O (‰) Field Scale (1-5) 
02GTKD-26 N57.71˚ W152.94˚ Trondhjemite 11.12 1 
02GTKD-09 N57.89˚ W152.65˚ Granite 11.22 0.5 
02GTKD-17 N57.75˚W153.27˚ Granodiorite 11.59 2 
02GTKD-16 N57˚36.6' W152˚54.3' Granite 11.93 1 
02GTKD-11 N57.89˚ W152.63˚ Granite 12.49 1 
02GTKD-18 N57˚05.6' W153˚47.9' Granodiorite 12.59 2 
02GTKD-19 N57˚07.86' W153˚34.0' Granodiorite 12.99 3 
02GTKD-46 N57˚32.3' W153˚05.0' Tonalite 13.08 3 
02GTKD-38 N57˚33.5' W153˚00.4' Granodiorite 13.3 3.5 
02GTKD-39 N57˚33.8' W153˚03.5' Granodiorite 14.79 5 
02GTKD-45 N57˚32.8' W153˚05.1' Granodiorite 15.05 3.5 

 
Note:  The assigned petrography is taken from the normative albite-
anorthite-orthoclase plot.  The field scale and δ18O have a R2 = 0.7691. 

 
 
Table 3.  Mineral δ18O geothermometry. 

     
δ18O (‰) 

sillimanite   

Station Location Petrography 
δ18O (‰) 
quartz margin core margin T* ave.(°C) 

02GTKD-38 
N57˚33.5' 
W153˚00.4' Granodiorite 13.3  11.79 10.01 750 

02GTKD-39 
N57˚33.8' 
W153˚03.5' Granodiorite 14.79 13.13 13.03  874 

02GTKD-39 
N57˚33.8' 
W153˚03.5' Granodiorite 14.79 12.5 13.01 12.95 800 

02GTKD-39 
N57˚33.8' 
W153˚03.5' Granodiorite 14.79 13.45 13.25 13.27 967 

02GTKD-45 
N57˚32.8' 
W153˚05.1' Granodiorite 15.05 12.51 13.08 12.77 728 

  
* Geothermometer of Sharp (1995).
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Figure 8.  Plot of normative albite, anorthite, and orthoclase of 
the Kodiak batholith.  The petrographic fields of Barker (1979) 
are superimposed. 

 

 

 

 

 

 

 

 
 

Figure 9.  Alk (Na2O + K20)-FeO*(FeO + 0.9Fe2O3)-MgO plot 
(in wt %) of the Kodiak batholith.  The tholeiitic trend suggests a 
MORB component in the melt.  The boundary of tholeiite versus 
calc-alkaline basalt from Irvine and Barager (1971) is 
superimposed. 
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Figure 10.  Al / (Na + K) versus Al / (Ca + Na + K) 
showing the peraluminous nature of the igneous rocks 
from the Kodiak batholith.  The high aluminum content 
suggests the incorporation of pelitic sediments in the 
melt.  The discrimination fields of Maniar and Piccoli 
(1989) are superimposed. 

 27 
 



 28 

 
 
 
 
 
 
   
 
 
 

80706050
0.8

1.0

1.2

1.4

1.8

2.2

2.6

3.0
S-type verus I-type granitic rocks

SiO2 (wt %)

A
l2

O
3 

/ (
N

a2
O

 +
 K

20
 +

 C
aO

)

S-Type

I-Type

 
Figure 11.  Plot of Al2O3/(K20 + Na2O + CaO), or alumina saturation index 
(ASI), versus SiO2 of the Kodiak Island intrusives.  All the samples plot as S-
Type granites, indicative of a large sedimentary component in the melt.  S-
type/I-type boundary from White et al. (1986). 
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Figure 12.  Plot comparing the measure δ18O value to the field assimilation 
scale applied to the station.  There is a strong correlation between the 
increased presence of digested stope blocks, quartz and biotite clots, garnets 
and aluminosilicates with elevated δ18O values. 
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Discussion 

Stable oxygen isotopes. 

Stable oxygen isotope data from the Kodiak batholith range from 11.12‰ to 

15.05‰.  High temperature (>300˚C) hydrothermal alteration has the effect of lowering 

δ18O values.  Cloudiness of alkali feldspar, alteration of pyroxene and olivine to uralitic 

amphibole, chlorite, Fe-Ti oxides and miarolitic cavities and veins filled with quartz, 

alkali feldspar, epidote, chlorite or sulfide minerals are characteristic mineralogical 

changes that accompany the reequilibrium of oxygen isotopes during hydrothermal 

alteration (Faure, 1977).  Petrographic analysis revealed that most samples experienced 

some sericitization of plagioclase feldspars, and some samples had sparse miarolitic 

cavities.  However, these features are minor in the Kodiak batholith suggesting that the 

effects of high temperature hydrothermal alteration were insignificant. 

Conversely, low-temperature alteration (< 300˚C) has the effect of elevating δ18O 

values (Hart et al., 1974). At shallow depths within the subduction zone, MORB would 

likely have suffered low-temperature alteration by oxygen exchange with seawater. 

However, a δ18O excursion of the observed magnitude cannot be solely accounted for by 

low-temperature hydrothermal alteration.  The extremely high δ18O values require a 

sedimentary component within the melt, in this case, probably greywacke and argillite 

flysch sediments from the Kodiak formation. 

Valley (1986) shows that typically there is an 18O enrichment of 0.5‰-1.0‰ at 

the margins of plutons.  This has been interpreted in two ways: 1) the sub-solidus, 

metamorphic-hydrothermal effects produced by the inward migration of high-18O 

metamorphic pore fluids; or 2) enrichment that took place during the magmatic stage by 
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assimilation and/or direct exchange between the granodiorite melt and the country rock.  

In this research, the distance between sampling sites was too large for this trend to be 

observed.  However, based on the stoping evidence at the margins and the interior of the 

batholith, it is most likely that 18O-enrichment occurred during the magmatic stage by 

assimilation.  The effects of sub-solidus metamorphic fluids cannot completely be 

disregarded, as a more comprehensive transect from the margins to the interior of the 

batholith may yield strikingly different petrographic and δ18O results. 

 

S-type versus I-type granite. 

Barker et al. (1992) characterized the near-trench plutons near Cordova, Alaska as 

I-type, using the same analytical techniques described above.  Barker et al. (1992) argues 

that the Cordova intrusions have a large sedimentary component, but that the source 

flysch is quartzofeldspathic of a volcanic arc origin.  As such, the geochemistry of the 

intrusions reflects the original volcanic arc, so the intrusions show I-type character even 

though sedimentary rocks are a major melt component.  Although the flysch in the Barker 

et al. (1992) study correlates to the Kodiak formation, the Kodiak batholith plots as a S-

type granite (Figure 11).   

The definition of an S-type granite is one whose “geochemical and isotopic 

characteristics are primarily inherited through partial melting of a crustal sedimentary (or 

metasedimentary) source” (White et al., 1986).   The S-type signature of the Kodiak 

batholith is the result of the assimilation of a more evolved sedimentary flysch 

component, as reflected by the mean Al203 value.  The mean Al203 value for the Kodiak 

batholith was 15.37% and the mean Al203 value for the Cordova pluton was 14.99%, thus 
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suggesting that the Kodiak batholith melt was enriched in aluminous pelites or 

metapelites as compared to the Cordova intrusion.  These data support the work of Hill et 

al. (1981), who used Sr isotopic data, δ18O values and Pb and Nd isotopes to argue for a 

combined protolith of quartzofeldspathic and pelitic flysch and basalt for the 

granodiorites of Sanak, Shumagin and Kodiak.  The tholeiitic trend of the analyzed 

samples supports the presence of a MORB component in the melt.  This make sense with 

the proposed tectonic regime, as primitive, as well as remelted MORB and ophiolites 

sequences, would become melt components during melt generation.  

Further, paleocurrent patterns in the Kodiak Formation generally indicate 

southwestward transport of sediments (Nilsen and Moore, 1979).  Based on current 

geography, the Kodiak Formation sediments traveled from the proximity of the Cordova 

pluton.  If the current geography of southern Alaska roughly reflects the geography of 60 

Ma, the 500 km journey from Cordova to Kodiak allowed the quartzofeldspathic 

sediments sufficient time to evolve to more pelitic sediments.  However, in depth 

paleoreconstructions of the geographic terranes and investigations of sediment evolution 

was beyond the scope of this study. 

 

Assimilation of flysch sediment. 

In order to create a peraluminous melt, flysch-like sediments and basaltic magma 

must have physically interacted in the accretionary complex.   According to Plafker et al. 

(1989), the lower greenschist regional metamorphic grade of the Kodiak Formation, the 

texture of the plutons, and the contact-metamorphic assemblage suggest that the batholith 

was emplaced at pressures of 1.5-3.0 kbars (5.2-10.5 km) into a part of the accretionary 
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wedge with an ambient temperature of 210-300˚. The presence of aluminosilicates 

(sillimanite and kyanite) and garnet xenocrysts along the margins and interior of the 

batholith indicate that melts must have been generated at a depth greater than 20 km and 

at a minimum temperature of 650˚ C (Kusky et al., in submission).  In theory, 1200˚C 

basaltic magma ascending into the accretionary prism from the slab window would pool 

at the lowest part of the prism and immediately quench on contact with the cool sediment.  

The quenched margin would separate the crystallizing magma from the adjacent 

sediments; in effect, preventing mixing and allowing the sediments to dehydrate and 

achieve melting temperatures (Huppert and Sparks, 1988). The result is a buoyant 

siliceous melt with a chemical composition and δ18O signature reflecting the flysch 

sediments.  As this melt ascended to the emplacement depth, it assimilated surrounding 

country rock, digesting the stope blocks to various states depending on their residence 

time before solidification.  

Because of the reaction rims around the sillimanite minerals, the fluctuation in 

δ18O values across the sillimanite minerals, and the quartz-sillimanite temperature 

equilibrium between 750-950˚C, it is difficult to determine whether the sillimanite 

minerals are xenocrysts reacting with a magma that is not in chemical equilibrium or 

phenocrysts reacting with the rock during cooling.  The data indicates that the melt was 

highly peraluminous suggesting that the sillimanite could be a primary phase; however, 

they are comparatively rare in the batholith and the variation in δ18O values across 

sillimanite minerals do not favor a primary magmatic history.  More likely, the 

sillimanite formed before magmatism and is the residium from anatexis.  Consequently, 

the δ18O-values of the sillimanite xenocrysts likely represent a relict signature that has 

 33 
 



 34 

undergone partial 18O exchange with the magmatic environment or been subjected to 

post-solidus hydrothermal alteration.   Further, quartz diffusion is relatively fast and 

oxygen isotopes should reequilibrate at magmatic temperatures. For this reason, if quartz 

and sillimanite were in equilibrium at the magmatic temperature, one expects that quartz 

will exchange with feldspar during cooling causing δ18O of quartz to go up a little and the 

apparent quartz-sillimanite temperature to go down a little (perhaps to 650˚C) (Valley, 

2003).  The calculated equilibrium magmatic temperature was considerably higher, 

suggesting that the phases were not in equilibrium.  To determine the exact reaction and 

P-T-t path followed by the sillimanite crystals from their source to final emplacement, 

additional work is needed on this assemblage.   

A better choice for thermometry would be garnet or zircon.  Oxygen diffusion 

rates through these crystals is far slower, as they are less subject to the effects of 

hydrothermal alteration and maintain their magmatic δ18O-values through granulite facies 

metamorphism in low f H20 rocks (Valley et al., 1994).  Samples yielding ample zircons 

and/or garnets for analysis could be obtained from the Kodiak batholith; however, sample 

collection of this magnitude was beyond the scope of this study. 

 

Conclusions 

The assimilation of sedimentary flysch by mantle-derived basaltic magma has 

been proposed in previous models for the generation of granodiorite intrusions along the 

western Gulf of Alaska (Hill et al., 1981; Hill and Morris, 1982).  The evidence and data 

presented in this study support the proposed tectonic regime for southern Alaska from 60 

to 51 Ma; thus favoring the subduction of a MOR, the generation of a slab window, and 
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the resultant melting of the accretionary wedge to form anomalous near-trench intrusions 

from Sanak Island to Baranof Island, and including Kodiak Island.  Field evidence, δ18O-

values, and the geochemistry of major and trace elements presented in this study support 

this theory.  The abundant stope blocks and assimilation features, the extremely high 

δ18O values, the peraluminous nature of the granitic rocks, and the general overlap in 

elemental abundances between the granitic and host rocks, support the presence of a large 

flysch component in the melt.  The peraluminous nature of the Kodiak batholith 

represents a pelitic and/or metapelitic source, which is also evidenced in the S-Type 

granite character of the Kodiak batholith.  However, determination of δ18O equilibrium 

temperature for the batholith was not possible because sillimanite was not a primary 

magmatic phase.  Finally, the presence of gabbroic intrusions and the tholeiitic trend of 

the Kodiak batholith suggest the presence of a MORB component as well, further 

supporting the purported tectonic model.   
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