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ABSTRACT

A n extensive suite of hydrothennally altered basalts, gabbros, and plagiogranites, was 

recovered from the trench-facing slope of the Tonga forearc. The tectonic setting, lithology, 

and geochemistry of these samples make them a unique collection for comparison with 

suprasubduction zone (SSZ) ophiolites. Petrography, mineral chemistry, and 

geothermometry are used to constrain the metamorphic evolution of ocean crust formed in 

a modem SSZ setting. We report the discovery of the first suite of oceanic epidosites. 

Tongan epidosites metasomatically replaced basaltic and p l^ogranite  protoliths and formed 

under similar conditions to epidosites hosted in many SSZ ophiolites. The range of 

alteration temperatures and mineral assemblages in basalts and gabbros are similar to those 

described from both  SSZ ophiolites and mid-ocean ridges (MORs). However, the degree of 

alteration in basalts and the presence of epidosites in the Tonga collection are most similar 

to alteration characteristics in SSZ ophiolites. We show that the trace element chemistry of 

epidote may be linked to the composition of fluids circulating deep in hydrothermal systems. 

This is possible due to the subordinate role crystal chemistry may play in controUir^ the 

trace element chemistry of hydrothermal minerals. Whole rock oxygen isotope ratios of the 

Tonga samples are generally similar to values determined from M OR and SSZ ophiolite 

samples; however, eruiched values in plagiogranites and gabbros may indicate a late, low 

temperature metamorphic overprint associated with tectonic unroofing during trench 

rollback. Basalts show an interesting northward decrease in oxygen isotope ratios that 

remains unresolved.
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C h a p t e r  1

IN T R O D U C T IO N

Hydrothermal circulation is a ubiquitous process operating in areas of active oceanic crustal 

accretion such as slow-, intermediate-, and fast-spreading mid-ocean ridges (MORs), and 

back-arc and forearc basins of island arc systems \Hxmtphris, 1995; RonaandScott, 1993]. A 

number of physical parameters vary between these tectonic settings that affect hydrothermal 

systems. These include the spreading rate, depth o f penetration of normal faulting rate and 

volume of magmatic activity, composition of erupted magmas, and volatile contents of 

magmas \Méixi£OTdCanriat, 1991; Œ veetcd., 1997; PurcfyetaL, 1992; SmithetaL, 1997; Stemand 
Boomer, 1992].

Ophiolites are commonly used as analogues to study modem mid-ocean ridge 

processes although it is now thought that many ophiolites formed in a suprasubduction zone 

(SSZ) setting \M yadnro, 1973; PearœetaL, 1984]. Several studies have shown that important 

differences exist between patterns of hydrothermal alteration in MORs and SSZ ophiolites 

\A lt, 1995; Gillis and Banerjee, in press; Schiffrnan et aL, 1990]. Recent studies by A lt et al.

[1998] and Kelman [1998] have documented hydrothermal alteration patterns in the shallow 

crust of modem SSZ environments -  the  Izu-Bonin and Tonga forearcs, respectively. These 

studies have shown that the degree of alteration in the volcanic sequences of forearcs is 

more extensive and occurs at higher water-rock ratios than at MORs, and is comparable to 

that observed in SSZ ophiolites. It has been suggested that forearcs represent the remnants 

of early arc volcanism and are one of the best modem analogues for the tectonic setting in 

which SSZ ophiolites formed [BhomeretaL, 1995]. Tw o recent studies have focused on 

hydrothermal alteration of volcanic and dike sequences from modem forearc settings [Alt et 

oL, 1998; Kdman etaL, 1997]. This thesis builds upon these studies and extends our 

knowledge of alteration to  the deep crust including the sheeted dikes and gabbros.

In broad terms, this study provides a basis for comparison of high temperature 

hydrothermal alteration of ocean crust formed in various tectonic environments. The key to 

this problem lies in the lower portions of the ocean crust in which high temperature



2

chemical exchange betw een hydrothermal fluids and the surrounding rocks occurs. H ere the 

interaction between tectonic and magmatic processes, which influence hydro therm al 

alteration, can be best observed and related to differences in tectonic setting. T his study 

provides detailed inform ation on  high temperature alteration in one tectonic environm ent -  

a SSZ non-accretionary convergent margin. Comparison of the results fro m  th is study with 

similar studies of o th er tectonic settings, such as slow-, intermediate-, and  fast-spreading 

mid-ocean ridges, provides insight into how oceanic hydrothermal systems w ith in  ocean 

crust are influenced b y  styles o f crustal accretion.

T h esis O bjectives

Most previous hydrotherm al studies of forearcs and back-arcs have focused o n  the  upper 

100-200m of volcanic basem ent recovered by the Ocean Drilling Program \N adandand  

Hekinian, 1981; I^hdandandMahcfney, 1981; SdtôpsandHerdg, 1994; TayloretaL., 1992]. More 

recent studies in the  Izu-B onin and Tonga forearcs have also included sam ples o f altered 

diabases, which m ay be fragments of sheeted dikes. These studies have ex tended  o u r 

knowledge of high tem perature (>  200°C) alteration in a forearc setting \A lt e t aL, 1998; 

KdmanetaL, 1997]. This study focuses on lower crustal samples, including sheeted dikes and 

plutonic rocks, recovered b y  dredging from the trench-facing slope of th e  T o n g a  forearc.

The Tonga forearc is a non-accretionary convergent margin that represents a  possible 

analogue for the tectonic setting in  which SSZ ophiolites may form. This s tu d y  makes use of 

one of the most com plete suites o f rocks ever recovered from a forearc env ironm ent.

The purpose o f this thesis is to provide the first comprehensive s tu d y  o f the  

metamorphic evolution o f a section of modem forearc crust. The Tonga collection is used 

as a case study to evaluate the  conditions present (e.g., temperature, fluid chem istry, 

secondary minerals) during the evolution of hydrothermal alteration in ocean crust formed in 

a modem SSZ setting. T he results are then compared with studies of hydro therm al 

alteration in SSZ ophiolites and MORs to determine the role tectonic setting plays in the 

development of hydrotherm al alteration in the oceanic crust. The detailed objectives of this 

stucfy'are:
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1. T o  document the evolution of hydrothermal processes in the Tonga forearc crust 

in order to  provide the first comprehensive study of high temperature alteration and 

metamorphism of lower crustal rocks formed in a forearc setting.

2. T o  document the discovery of rare, highly altered rocks called epidosites, which 

have been previously described from ophiolites but are absent in collections fi'om 

m odem  oceanic crust.

3. T o document the trace element content of epidote in epidosites in order to 

assess the controls on trace element partitioning in hydrothermal epidote.

4. T o compare alteration in the Tonga forearc with ophiolites and MORs in order 

to evaluate if, and how hydrothermal processes are influenced by  tectonic setting.

Together, these objectives wül provide a picture of how circulating fluids transformed the 

crust of the Tonga forearc fi'om the original igneous protolith into the hydrothennally 

altered equivalents presently observed.

Met h o d s

Several petrological and geochemical tools have been used in order to  address these 

objectives. Standard pétrographie techniques are used to determine the igneous and 

metamorphic mineralogy. Through pétrographie analysis of metamorphic textures and cross 

cutting relationships the relative timing of metamorphic events and evolution of 

hydrothermal processes are determined, as well as the relationship between metamorphism 

and deformation. Mineral chemistry, including primary and secondary mineral compositions 

determined b y  electron microprobe, is used to help characterize the evolution of alteration 

conditions during progressive fluid-rock interaction. By specifically analyzing certain 

coexisting mineral pairs and applying appropriate geothermometers, it is possible to infer the 

temperatures at which the minerals formed and constrain the relationship between 

temperature and alteration style. Whole rock major and trace element data from volcanic 

samples, perform ed by colleagues at the University of Tasmania, are used to  place the Tonga 

suite in a geochemical framework of other oceanic rocks. These data indicate the Tonga 

suite represents a complex mix of primitive and evolved rocks including, boninites, arc- 

tholeiites, N -M O R B , dacites, and rhyolkes.
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One early discovery has been the identification of samples showing evidence of 

extreme epidotization, including a total loss of igneous texture in the m ost advanced 

examples. These samples, called epidosites, were recovered in association w ith  th e  entire 

spectrum of rock types fro m  five dredges in the northern half of the fore-arc. Epidosites are 

well documented in ophiolites. However, the Tonga samples represent one o f  very  few, and 

perhaps the largest, suite o f  epidosites recovered fi-om the modem oceans. T h e  prevalence 

of epidosites in SSZ ophiolites and the Tonga fore-arc su^ests that the conditions necessary 

for their formation, such as high water/rock ratio, are similar in both tectonic settings. The 

Tonga epidosites are com pared w ith epidosite samples from ophiolites in o rd er to  determine 
if they are the same o r no t.

A fluid inclusion study was conducted on the five epidotized Tonga samples for 

comparison with data from  epidosites found in ophiolites. Fluid inclusions provide a 

particularly powerful too l fo r studying hydrothermal processes because th ey  represent small 

capsules of the once circulating hydrothermal fluid. Standard microthermometric analysis of 

fluid inclusions is used to  elucidate the temperature, pressure, and composition o f  fluids 

present during formation o f  the epidosites [see Roedder, 1984]. This technique relies on  the 

recognition of vapour-, liquid-, and solid-phase changes (depending on the  inclusion), which 
take place during heating, o r  cooling of a fluid inclusion \_Rxdder, 1984]. T he  information 

gained from the m icrotherm ometric analysis is further used to determine th e  tem perature 

and composition of fluids responsible for alteration, the possible role of phase separation, if 

there is a magmatic com ponent to  the fluids, and if fluid properties vary betw een samples. 

Substantial data has been collected for epidosites in ophiolites, and in particular, Troodos, 

which are compared to  th e  data collected for the Tonga samples [e.g. GxwanandCann, 1988; 

KeikyandRobinson, 1990; K d l^e ta L , 1992].

Many hydrothermal studies have used trace-element concentrations in  w hole rock 

samples to document geochemical changes resulting from alteration; however, few  have 

looked at these changes in  individual minerals. By lookii% at the trace-element 

concentrations in certain secondary minerals, it may be possible to learn som ething about 

the chemistry of the fluids from  which thqr precipitate. One such secondary m ineral present 

in the epidosites is epidote. Trace-element concentrations in epidote from  th e  Tonga 

epidosites were determined using the laser-ablation microprobe inductively coupled  mass 

spectrometry (IJ^ -IC P -M S ) facility at the University of Victoria. Of particular interest are



the rare earth elements (EŒEs), because they are generally believed to  b e  immobile during 

hydrothermal alteration under greenschist to amphibolite facies conditions \Thonqson, 

1983b]. Gillis [1996] used the ion microprobe to analyze REEs in amphibole in order to 

resolve the origin of amphibole in oceanic gabbros. Major element data from  amphibole 

indicated a metamorphic origin whereas textural criteria and REE concentrations suggested 

both magmatic and metamorphic origins 1996]. As a result, RF.K geochemistry was

able to unravel the complex origin of magmatic amphibole grains, w hich m ay have had their 

major-element chemistry reset by subsequent interaction with hydrothermal fluids [Gi2&, 

1996]. In this thesis, the controls on the trace element chemistry o f hydrotherm al epidote 

are investigated and used to help determine the chemistry of the fluids from  which the 

epidote formed.

The oxygen isotope composition of whole rock samples and m ineral separates are 

also investigated. Whole rock data on basalts, gabbro, plagiogranite, and  peridotite are used 

to provide information on the conditions present during alteration including temperature 

and degree o f alteration. These data are then compared with studies o f  M O R s and 

ophiolites. The oxygen isotope compositions of quartz and epidote m ineral separates from 

epidosites are used to speculate on the water-rock ratio and oxygen isotope composition of 

the hydrothermal fluids during formation of the epidosites. In this way, oxygen isotopes are 

used to evaluate if the conditions o f alteration responsible for the form ation o f the Tonga 

epidosite samples were similar to those determined for epidosites from  ophiolites.



C h a p t e r  2

BA CK G RO U N D

H y d r o t h e r m a l  Systems

The formation and evolution of ocean crust is a complex process involving nmgmatism, 

tectonism, and hydrothermal activity. It is now known that hydrothermal circulation is a 

ubiquitous process operating in areas of active oceanic crustal accretion. Interaction 

between circulating hydrothermal fluids and the oceanic crust dissipates large amounts of 

thermal e n e i^ , which accounts for almost 25% of the total heat flux from  the oceanic 

lithosphere [SclateretaL, 1981; StdnandStem, 1994]. As seawater circulates through the crust, 

a num ber of chemical and physical reactions occur which result in the formation of volcanic 

hosted massive sulphide deposits {Harwin^onetaL, 1995], support unique biological 

communities \Tunm d^, 1992], and affect seawater chemistry \Thorr^son, 1983a]. Alteration 

of the crust results in changes to its chemical composition which, when subducted, can 

contribute to chemical and isotopic heterogeneities in the upper mantle \2xndIerandHart̂  

1986] and may influence the composition of igneous rocks erupted in island arcs [OUveetaLt 

P eifitettd., 1980; Tatsuni, 1989]. In addition, mineral precipitation from hydrothermal 

fluids has profound affects on crustal porosity and permeability [Gillis a n d 1997; Pezard,

1990], and seismic structure of the crust jj&co&on, 1992].

Hydrothermal systems have been discovered along slow-, intermediate-, and fast- 

spreading mid-ocean ridges ^ O R s ) ,  at intra-plate volcanic centres, and in back-arc and 

forearc basins of island arc systems (Figure 2.1) [litmphris, 1995; RonaandScott, 1993].

Fluids venting in each of these environments have been sampled [see review in VonDamm, 

1995]. Although the chemistry o f the venting fluids does seem to change as a function of 

temperature and processes such as phase separation, there is still insufficient data to link 

their chemistry to physical parameters such as spreading rate [yànDamm, 1995]. A number 

of physical parameters vary between tectonic settings and affect hydrothermal processes.
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These include the depth of penetration oF normal faulting, the rate and volume of magmatic 

activity, the composition of erupted magmas, and the volatile contents of magmas, to name 

a few \MévdandCarmat, 1991; Œ veetaL, \9 3 7 ‘, Purdy et oL, 1992; SmidjetoL, 1997; Stemand 
Boomer, 1992].

The presence of axial melt lenses nmaged at the fast-spreading East Pacific Rise 

suggests long lived, steady state magma iitput occurs below the ridge crest [CarbotteetaL, 

1996; DetricketaL, 1987; SintonandDetrids, 1992]. The lack of geophysical evidence for 

magma chambers at slow-spreading M O R s suggests the crust is formed from  short lived, 

episodic injections of magma 1992; SolomonandToom^, 1992]. The

current understanding of crust formed at incipient forearcs suggests that they  form in 

extensional environments, dominated by aiormal faulting, above subduction zones where 

adiabatic decompression and dehydration of the down-going slab result in huge outpourings 

of magma over relatively short periods o f time (1-5 my) \BloomeretaL, 1995; StemandBloomer, 

1992]. The interplay of tectonic and mag^matic processes in each of these tectonic settings 

affects the permeability and thermal structure of the ocean crust and, therefore, 

hydrothermal circulation. The distributiom and characteristics of hydrothermal flow are 

controlled by permeability, thermal struccure, and seafloor topography [Fisher, 1998]. 

Chemical exchange between hydrothermal fluids and the surrounding rocks is controlled by 

temperature, redox conditions, and waterXrock ratio [see review in Humphris, 1995]. As a 

result, crustal accretion processes in different tectonic environments are expected to produce 

different styles of hydrothermal alteration. The key to this possibility lies in the lower 

portions of the ocean crust where high-temperature hydrothermal alteration is preserved.

The lower ocean crust is particulairly important because it is here that hydrothermal 

and magmatic processes are linked. Therefore, it is necessary to analyze samples of lower 

ocean crust in order to determine how h igh temperature axial hydrothermal alteration varies 

with tectonic setting. Towards this end, a  num ber of factors need to be considered such as 

the thermal structure of the ocean crust im posed by crustal accretion processes, the starting 

compositions of rocks from a variety of tectonic settings, and the chemical modification of 

hydrothermal fluids and surrounding rocks resulting from fluid-rock interaction.
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Hydrothermal Alteration of O cean Crust

Early studies of altered oceanic rocks recognized that metamorphic grade gradually increased 

w ith depth in the crust, from zeolite and greenschist facies in the volcanics to  am phibolite  

facies in the plutonics [M)ks&z7T), 1973; QuonandEhlers, 1963]. However, it w asn’t  un til later 

that the importance of circulating seawater-salinity fluids was recognised \JM  et oL, 1977]. In 

the late 70% discovery of hot springs and black smoker vents on the seafloor began th e  

study of active hydrothermal systems [e.g., EdnondetaL, 1979; Weiss etaL, 1977].

Current models surest th a t axial hydrothermal systems can be divided in to  th ree  

zones: recharge, reaction, and discharge (Figure 2.2) \A lt, 1995 and references there in ]. The 

recharge zone represents a widespread area in which seawater penetrates down in to  th e  

crust, is heated, and reacts with th e  surrounding rocks at temperatures from am bien t 

seawater to those found in the reaction zone. The reaction zone is characterized b y  high- 

temperature (375-450°Q, low pressure (<  1 kbar), and low water/rock ratios ( <  5) [A lt, 1995; 

Saccada, 1994]. This is where venting hydrothermal fluids are believed to acquire th e ir  

chemical signature through fluid-rock interaction. Finally, hydrothermal fluids rise th rough  
the discharge zone until they vent o n  the seafloor.

Redxcr^Tm e

Chemical reactions in the recharge zone are characterized by fixation, anhydrite 

precipitation, and alkali loss from  the  crust [Thompson , 1983; Matd, 1983]. M g is rem oved  

from  seawater by the precipitation o f hydrous Mg phases such as smectite, chlorite, an d  

amphibole [Mottl and Holland, 1978; SeyfriedandBischoff, 1979]. This reaction involves 

hydration of the crust and the generation of acidity in fluids [Serried, 1987]. U n d e r h igh 

seawater/rock ratios (> 50) acidic conditions lead to the leaching of base metals, such  as Fe, 

Cu, and Zn [Se f̂ried, 19%7',SaaxKÎaetaL, 1994]. The seawater/rock ratio quickly decreases 

and temperature increases with depth  as fluids travel down through the volcanic pile and  

into the sheeted dikes, which can result in metal loss from the surrounding rocks. A s the  

fluids become heated to 150° - 200°C, precipitation of anhydrite removes alm ost all o f  the 

Ca and two-thirds of the sulphate from  seawater [BisdooffandSeyjried, 1978]. A t  tem peratures 

greater than about 150°C alkalis (e.g., Li, K, Rb and Cs) and B can be lost from  basaltic 

rocks, and in particular basaltic glass, during seawater interaction leading to th e  observed
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Figure 2.2 Schematic drawing illustrating the portions of submarine hydrothermal systems 
discussed in the text [from A lt, 1995]. Arrows represent traces of fluid flow.
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enrichment of these elements in high temperature hydrothermal fluids venting on  the 
seafloor \VcnDcanm, 1995].

ReactionTone

Actively venting hydrothermal fluids are believed to acquire their chemical signature in the 

deep portions of the hydrothermal cell (Figure 2.3). In particular, many components of axial 

hydrothermal fluids (e.g., Cu, Fe, Zn, HzS, SiOz, Ca, Na, IQ are believed to  be fixed in the  

reaction zone at low pressure (<  1 kbar), high temperature (375-450°Q, and low w ater/rock 

ratio (<5) [Alt, 1995; Saocoda, 1994]. Experimental studies have shown that small changes in 

these physical parameters can substantially influence vent fluid chemistry {SewcddandSe^fried^ 

1990; Seyfnedetal^ 1991iDingandSeyfned, 1992]. The reaction zone is believed to  be located 

at or near the sheeted dike - gabbro boundary, although some studies indicate that the 

reaction zone may extend down into the uppermost gabbros at slow-spreading ridges [e.g., 

MévdandGmnat, 1991]. Experimental studies performed at 400°C and <  1 kbar suggest tha t 

interaction of hydrothermal fluids with fresh rock in the reaction zone results in equilibrium 

mineral assemblages which contain Ca-plagioclase and epidote [BemdtetaL, 1989; Se^ffriedet 

aL, 1991]. Unfortunately, experimental studies do not explain all of the possibilities. F o r 

example, metabasalts recovered from the Mid-Atlantic Ridge at the Kane Fracture Zone 

(MARK), which are interpreted to have formed in a reaction zone, exhibit mineral 

assemblages that contain Na-plagioclase and lack epidote \_GiUisandThonqison, 1993]. This 

apparent discrepancy may be the result of non-equilibrium conditions, possible interaction 

with magmatic fluids, or the MARK metabasalts may not be representative o f conditions in  

the reaction zone [see Hurr^hris  ̂1995],

Studies of hydrothermal processes in oceanic crust have benefited from  oceanic 

drilling. Ocean Drilling Program (ODP) Holes 504B, which penetrated through the volcanic 

section into the sheeted dikes in 5.9 Ma crust, and Hole 735B, which drilled direcdy into 

lower crustal gabbros, are two of the best sections of crust to smcfŷ  the deep portions (>  2 

km) of hydrothermal systems \AltetaLy 1993; Stakes etal., 1991]. Below about 1250 m into 

basement, sheeted dike rocks in Hole 504B show an increase in the abundance of 

amphibole as well as a change in amphibole compositions from actinolite to  M g hornblende 

and corresponding increases in Al andT i lA lte ta l., 1994; Lavemeetal., 1994]. In addition.
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for systems with or without a magma chamber [from A lt, 1995].
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secondary plagioclase compositions are calcic in contrast to  the predominant albitization th a t 

occurs further up section {A ltetal^ 1994]. A lo r^  with oxygen isotopic depletions relative to  

fresh MORB and an increase in the extent of recrystallization of the rocks, these 

observations point toward alteration at higher temperatures reflecting reaction zone 

conditions. Similar mineralogical and chemical effects are observed in dike rocks from the 

Mid-Atlantic Ridge (MAR) and ophiolites IGiUjsandThorrqson, 1993; Harper et al., 1988; Nehlig 

eted., 1994]. Hydrothermal alteration of gabbros in Hole 735B indicate that sim ilar  

conditions extend downward into the plutonic sequence \Dick etal., 1991; MeodandCemnat,
1991]. Gabbros from Hole 735B exhibit evidence of plastic deformation in the form  of 

foliated amphibolites that allowed early penetration of hydrothermal fluids below the brittle- 

ductile transition [Z%ĉ  e t 1991; MevdcoTdCannat, 1991; Stakes eta l., 1991; Vankoand 

Stakes, 1991]. Interestingly, gabbros from the fast-spreading East Pacific Rise at Hess Deep 

contain similar high temperature mineral assemblages as Hole 735B but do not display any 

evidence of ductile deformation \Gilks, 1995]. Instead, gabbros from Hess Deep and the 

Semail ophiolite contain tiny amphibole veinlets filled with Mg hornblende interpreted to  

have formed from penetration of hydrothermal fluids at high temperatures during semibrittle 

microfiacturing \Marmmgetd., in press]. The reaction zone, therefore, is an area of dynamic, 

high temperature fluid-rock interaction.

Important information about the temperature and composition of fluids circulating 

in the reaction zone has been gained from fluid inclusion and vent fluid studies. For 

example, fluid inclusions hosted in rocks interpreted to  have been altered in the reaction 

zone indicate that phase separation and inputs of magmadc volatiles may play important 

roles in shaping the chemistry of hydrothermal fluids [Kdley, 1996; Kdley, 1997]. For example, 

vent fluids commonly display elevated He^, C O 2, SO2 and methane values [A lt eta l., 

19%9;CrcdgandLuptan, 1981; Craigetal., 1981; Kdley etal., 1993], Isotopic analyses of H e and  

CO2 in vent fluids commonly exhibit mantle values [Craigandlupton, 1981; Craigetal.,
1981]. Unfortunately, quantification of the magmatic contribution to hydrothermal fluids 

remains difficult. While magmatic inputs may no t affect alteration of the host rocks, they 

likely contribute to salinity and compositional variations of hydrothermal fluids [Kdley eta l.,

1992].
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Dischar^2one

Temperature-presstire conditions inferred for the reaction zone (340-465°C and 350-550 

bars) are generally close to  the critical point of seawater (407°C and 298 bars) \Cam fhéletaL, 

1988; VmDcimmandBischoff, 1987]. At these conditions, the density and viscosity of the 

hydrothermal fluid decrease rapidly resulting in upflow of the fluid due to  buoyancy forces 

(Figure 2.4) {Norton  ̂ 1984]. Estimates of flow rates in the subsurface from clast sizes in 

hydrothermal breccias and flow rates observed at active vents are high (0.5-5 m/s) [e.g., 

Qn'verseetaL, \^% ^\DdaneyetaL, 1987]. However, these values may be higher than 

subsurface flow rates. F or example, slow, broadly distributed, subsurface flow in the 

discharge zone may be locally focused along faults and narrow vent orifices resulting in 

exa^erated flow rates measured at the seafloor {Haymoneted,, 1989]. In general, discharge 

of hydrothermal fluids occurs either by focused, high temperature (200-400°Q or diffuse, 

low temperature (<  200°C) flow. Estimates of heat flow from hydrothermal systems indicate 

the diffuse component of hydrothermal discharge transports an order of magnitude more 

heat than focused flow, suggesting diffuse upflow has significant effects on heat transport, 

chemical processes, and consequently hydrothermal alteration of the oceanic crust \A lt,
1995; SténandSîén, 1994].

For example, core from Hole 504B contains a mineralized zone at the volcanic-dike 

transition \A lt et aL, 1993]. N o t all fluids that exit on the seafloor form massive sulphides. 

Some fluids mix with cold seawater in the subsurface, thereby loosing their sulphide-forming 

metals, and exit as diffuse, cool (<50°Q, hydrothermal fluid-seawater mixtures \A k , 1995]. 

Unfortunately, these drill cores do not provide spatial relationships that would be useful for 

studies of hydrothermal processes. As a result, much our knowledge of the lower portion of 

hydrothermal systems is based on studies of ophiolites.

Epidosites

Upflow zones in ophiolites are characterized by a special rock type: epidosite[&fl£m- Varga et 

oL, 1932', H^monetaL, 1989; NdoligetoL, 199A', RidxtrdsonetaL, 1987; SddffinanandSmiîh, 

1988; SchiffmanetaL, 1987]. Epidosites are characterized by the replacement of primary
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igneous minerals in mafic to  intermediate rocks by granular assemblages of quartz +  epidote, 

±  chlorite, ±actinolite, ±  m agnetite ±  ilmenhe ±  sulphides. This replacement is commonly 

accompanied by a complete loss o f  igneous texture. Epidosites are chemically distinct and 

are enriched in Ca, Sr, ^S, F e ^ /F e ^ , and ^Sr/^Sr, and are depleted in Mg, N a, Zr, K, Cu, S, 

and relative to unaltered diabase IBetîison-Varga et oL, 1992; Harper etoL, 1988; Hzymonet 

aL, 1989; NMigetaL, 1994; RidxtrdsonetaL^ 1987; SddffhuznaridSrrttdo, 1988]. Epidosites 

typically occur at the base o f the  sheeted dike section in zones lOO’s of metres wide, parallel 

to the axis of spreading \RidxtrdsonetaL, 1987; SdjÿmanandSrrdih, 1988]. Studies of 

epidosites in some ophiolites (e.g., Troodos and Samail) su rest they may represent root 

zones, below seafloor massive sulphides \Bettison~VargaetaL, 1992; HdymonetaL, 1989; NMig 

etoL, RidxtrdsonetaL, 1987; SddffmanandSrrddo, 1988; SdnffirianetaL, 1987]. In the 

Samail ophiolite of Oman, there is evidence for fluid flow along a partially epidotized 

pathway to a massive sulphide deposit which formed by mixing between hydrothermal fluids 

and cold seawater [HaymonetaL, 1989]. Recent field studies on epidosites s u r e s t  the 

epidotization process occurs early, possibly soon after a dike is injected [Varga etoL, 1999].

Ophiolites are now  generally thought to represent fossil sections of some type of 

ocean crust emplaced on land; studies over the last twenty five years suggest that many 

ophiolites were formed in  a suprasubduction zone (SSZ) setting [Myadjiro, 1973; PearœetaL, 

1984 and oûiersiRautensdoldnetaL, 1985; RobinsonetaL, 1983]. As a result, ophiolites may 

not be representative of crust form ed at MORs, and hydrothermal processes m ay also differ. 

The granular texture and complete replacement of primary mafic minerals in epidosites are 

part of the highly altered nature o f ophiolitic rocks in general. Isotopic studies of epidosites 

suggest they form at high w ater/rock  ratios [e.g., Biddeand Teagle, 1992; HarperetaL, 1988], 

whereas, conditions inferred fo r the reaction zone at MORs from experimental data suggest 

low water/rock ratios [Cam pbdletaL, 1988; VonDamrnandBisdxÿ^, 1987]. This is an 

important difference w hich has led to  the su^estion that epidosites represent areas of 

focused upflow [Betdson-Varga e taL, 1992; HdymonetaL, 1989; NM igetaL, 1994; Ridxtrdsonet 

aL, 1987; SddffinanandSmith, 1988; SdnffinanetaL, 1987]. To date, very few samples of 

epidosite have been recovered from  the modem oceans [FoxetaL, 1976; C^ionandEhlers, 

1963]. The scarcity of epidosites at M ORs may simply be due to the relatively limited 

sampling of the oceanic crust resulting in a failure to recover any that might exist. 

Alternatively, their scarcity m ay reflect a sampling bias, which has focused on  active
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hydrothermal systems at M O Rs rather than other areas o f  oceanic accretion such as forearcs 

in  which epidosites may be m ore common. These possibilities need to be tested by  studying 

hydrothermal alteration from  a variety of tectonic environments.

T he  Troodos Ophiolite

The Troodos ophiolite in  Cyprus is one of the world’s best-studied ophiolites, which makes 

it appropriate for comparison w ith the Tonga forearc. W ith  acceptance of the theory of 

plate tectonics, Gass [1968] proposed that the Troodos ophiolite represented a h i^m en t of 

oceanic crust formed by seafloor spreading at a M OR. However, early geochemical studies 

cast some doubt on the formation of Troodos at a M O R , suggesting that the Troodos 

extrusives were geochemically similar to rocks formed above subduction zones 

1973; Pearce, 1975; PearceandCann, 1973]. In addition to  the  geochemical evidence, structural 

and sedimentologicai observations on the island of Cyprus also su rest formation of 

Troodos in a SSZ setting [Robertson, 1990]. This view has continued to be favoured w ith 

Troodos being formed above a northward-dipping subduction zone within an oceanic basin 
[PearœetaL, 1984].

Recent work on the tectonic setting of SSZ ophiolites suggests th ty  may have 

form ed during the earliest stages of subduction at intra-oceanic arcs [BloomeretaL, 1995; 

BloomeretaL, 1996; StemandBloomer, 1992]. In particular, this model suggests that SW Pacific 

arcs represent an analogous tectonic setting to that for the  formation of the Troodos 

ophiolite. Although the lack of volcaniclastic sediments blanketing basement rocks in the 

Troodos ophiolite precludes the possibility of a nearby mature arc [Robertson, 1990], rocks 

collected fi-om the Izu-Bonin and Tonga trenches in the SW Pacific have many similarities to 

those found in Troodos. Although concrete evidence is lacking, the crustal formation of 

Troodos and other SSZ ophiolites during the incipient stages of subduction remains one of 

the  best hypotheses.

The earliest studies of hydrothermal alteration in  the  Troodos ophiolite described 

pervasive regional metamorphic zones which increased in  grade and intensiiy w ith depth 

[e.g., GassandSmewing, 1973]. Specifically, low-grade, zeolite facies metamorphism was 

observed in the upper volcanics above higher-grade zeolite and greenschist facies 

metamorphism in the lower volcanics and uppermost sheeted dikes [GassandSmewing, 1973]. 

This change in alteration was attributed to eruption o f lavas in different tectonic settings
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\Gass£mdSmewing, 1973]. However, geochemical evidence sn^ ested the entire volcanic suite 

was co-magmatic \SmewingetaL, 1975]. Later work by Gillis and Robinson [1985; 1988;

1990] demonstrated that alteration was not as pervasive as previously described and that 

there was no systematic change w ith depth. Gillis and Robinson [1988; 1990] identified five 

alteration zones in the volcanic and upper-dike sections of the Troodos ophiolite: 1) a 

Seafloor Weathering Zone (SW^; 2) a Low-Temperature Zone 3) a Transition Zone

(T ^ ; 4) an Upper Dike Zone (UDZ); and 5) a Mineralized Zone (MZ). h i this 

classification, the SWZ, LTZ, and T Z  formed in the off-axis environment within 5-15 m.y. 

of crustal formation \GiUis and Robinson, 1988]. The location of the TZ between low- (LTZ) 

and high-temperature alteration (UDZ) is controlled by permeability contrast at the sheeted 

dike-lava transition [GzZ&(mdRo6zhso?z, 1990]. Further w ork by Staudigel and Gillis [1990] 

focused on the timing of hydrothermal alteration which indicates alteration continues for 

tens of millions of years after the crust is created. Identification of fresh glass preserved a t 

the base o f the extrusive sequence provided a usefiil tool for determining the original 

chemical composition of volcanic rocks to compare with altered rocks [Bednarzand 

Schninche, 1987; BedriarzandSchminche, 1989; RautensM énetaL, 1985].

O f particular significance to  this study, the Troodos ophiolite has provided much o f 
our understanding of the lower portion of hydrothermal circulation. Several studies have 

documented the occurrence of epidosites in the Troodos ophiolite and much of our 

understanding of these rare rocks has come fi-om Troodos [Betdson-VargaetaL, 1995; Betdson- 
VargaetaL, 1992', RidxtrdsonetaL, 1987; SdjiffrnanandSmidj, 1988; SddffirumetaL, 1987]. 

Hydrothermal processes in the plutonic section have been invesi%ated using fluid inclusions. 

These studies showed that brine-rich (36-61 wt% NaCl equivalent) fluid inclusions were 

trapped during the earliest fracturing events at temperatures >  450-600°C \KdleyandRoldnson, 
1990; Kelley etoL, 1992]. These temperatures were much higher than those observed in the  

volcanics and upper sheeted dikes. Finally, recent w ork by \GiIlis and Roberts, 1999] has 

identified the presence of a contact aureole at the base of the sheeted dikes separating the  

magmatic system below from the hydrothermal system above.
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T h e  T o n g a  F orearc

The Tonga forearc is part of an intra-oceanic convergent margin system which was initiated 

in the middle Eocene {BloomeretaL, 1995]. The Tonga Trench marks the site of almost 

perpendicular westward subduction of the Pacific Plate beneath the Indo-Australian Plate at 

rates which increase northwards to  a maximum o f240 ±11 m m /y r. (Figure 2.5) {BevisetaL, 

1995]. The system evolved in an extensional environment th a t resulted in the replacement 

of the overriding plate by rocks erupted during the natal stages of subduction initiation. 

Substantial subduction erosion and trench roll back have exposed basement rocks along the 

entire length of the forearc [Showzeret^zi, 1995; CBftetaL, 1998]. Preliminary Ar-Ar dating of 
volcanic samples has revealed tw o primary age ranges, 47-39 M a and 15-9 Ma, which are 

penecontemporaneous with subduction initiation and arc magmatism, respectively {Bloomer et 

oL, 1998]. N o  rocks with ages older than Eocene have been recovered fi-om the forearc, 

which is consistent with the overriding plate being replaced after the initiation of subduction 

{BloomeretaL, 1998; BloomeretaL, 1995].

Basement lithologies in the Tonga forearc include depleted island-arc-tholeiitic 

basalts, M O R  basalts, boninites, andésites, dacites, their plutonic equivalents, and a variety of 

ultramafic rocks {BloomeretaL, 1995; BloomeretaL, Vi3ii-,BcilloonetaL, 1987; KdmanetaL,

1997]. Similar lithologies are observed in the Izu-Bonin-Mariana (IBM) forearc. Recent 

studies of the earliest stages o f intra-oceanic forearc development have drawn heavily from  

information gathered in the IBM forearc, which is one of the best-studied western Pacific 

forearcs [e.g.. Fryer et oL, 1990; StemandBloomer, 1992]. The IBM  system was also initiated in 

the middle Eocene and is believed to  be analogous, with respect to origin and evolution, to 

the Tonga forearc {BloomeretaL, 1995]. Studies in the IBM forearc have, therefore, been 

used to explain mechanisms of subduction initiation, related magmatism, and volcanism for 

the Tonga forearc [e.g., BloomeretaL, 1995; StemandBloomer, 1992].

Recent studies of the earliest stages of forearc development have tried to explain a 

number of features which are not addressed by previous models of forearc evolution {Stem 

andBloomer, 1992]. These features include: “1) an unusually b road  zone of volcanism, 2) high 

magma production and eruption rates, 3) a strongly extensional tectonic environment, and 4) 

progressive migration and focusing of the magmatic front away from  the trench” {Stem and
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Eloomer, 1992 pg. 1621]. These features are also believed to be typical o f the tectonic setting 

in which SSZ ophiolites form \_BloomeretaL, 1995; BloomeretaL, 1996].

Although other models exist [e.g.. Servo ondMarvc^ama, 1984], subduction initiation in 

the IBM system is widely believed to  have occurred at an oceanic transform fault largely due 

to the gravitational instability between young (0-20 Ma) oceanic lithosphere to the west and 

old (>  65 oceanic lithosphere to  the east (Figure 2.6). Initially, vertical movement o f the 

subducted lithosphere would begin to  displace the underlying asthenosphere, resulting in the 

transfer of lower-density asthenosphere above the down-going lithosphere \StemandEloomer, 
1992]. This displacement of the asthenosphere also results in extension within the young 

lithosphere to the  west (Figure 2.6) \StemandEloomer, 1992]. Adiabatic decompression of the 

rising asthenosphere coupled with dehydration of the down-going slab would lead to 

extensive melting \_StemandBoomer, 1992 and references therein]. The generation of large 

volumes of melt beneath the extensional environment of the overriding plate has been 

su^ested to result in the initiation of seafloor spreading [StemandBloomer, 1992].

Stem and Bloomer [1992] point out two important differences between seafloor 

spreading in mcipient-arc and M O R  settings. First, seafloor spreading in  the incipient-arc is 

likely to be poorly organised, characterised by many discrete ridge segments and asymmetric 
spreading. Second, the compositions of lavas formed in the incipient-arc are likely to be 

more depleted (i.e., boninites) resulting from partial melting of harzburgite [StemandBloomer, 

1992]. Crust created during poorly organized seafloor spreading is inferred to have formed 

in a broad zone, approximately 200 km  wide, which extends the length of the IBM forearc 

[Fryeret oL, 1990]. If it is assumed that broadly distributed magmatism occurred in the 

incipient-arc over a 10 m.y. period, crustal production rates would be 120 to 180 km^ km-^

- on the order of slow-spreading ridges [StemandBloomer, 1992]. These rates of 

magmatism are unseen in mature island arcs which have mean eruption rates of 13 km^ km*^ 

Mh'^ [GiR, 1981; SampleandKarig, 1982; Wad^, 1984]. The final stage o f incipient-arc 

formation is m arked by the stabilisation of the locus of volcanism somewhere near the 

present magmatic front [StemandBloomer, 1992]. Stem and Bloomer’s model has been 

proposed as a possible tectonic environment for the formation of SSZ ophiolites. Samples 

dredged from the Tonga forearc represent some of the best plutonic rocks available for 

comparison w ith ophiolites. Similarities between rocks from the Tonga forearc and
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relations that may be found at the junction between olcier oceanic and incipient-arc crust and 
lithosphere [from StemandBloomer, 1992].



23

ophiolites include the  presence of boninites, high-Ca plagiodase, and the formation of early 

cumulus orthopyroxene [S!(x»7jeret^, 1995].

Tonga Forearc Sam ples

Samples for this study were collected during the 1996 Boomerang Leg 8 cruise on the 

Scripps Institute of Oceanography R /V  MdviHe. Several varieties of rocks were dredged 

from 39 sites between 26° and 14°S along the trench-facing slope of the Tonga forearc 

QFigure 2.7). These rocks are similar to those found in many ophiolites, including depleted 

island-arc-tholeiitic basalts, mid-ocean ridge basalts, boninites, andésites, dacites, their 

plutonic equivalents, and a variety o f ultramafic rocks [BloomeretaL, 1998]. The distribution 

of lithologies is crudely layered; ultramafic rocks were recovered from the deepest dredges 

(8000-7000 m), gabbro and diabase are m ore common above, and volcanic rocks 

predominate above 5000 m (Figure 2.8) [BloomeretaL, 1996]. A representative suite of 

samples collected from  each dredge haul makes up the working collection for this study; 

however, the collection is biased toward altered samples. Additional sample material is 

stored at Oregon State University. These samples represent the most complete coUection of 

lower crustal rocks ever recovered from  a forearc setting.
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Figure 2.7 Simplified cross-section of the Tonga arc and forearc, showing principal 
structural and topogr^hic features [ClifietaL, 1998]. The trench inner wall is equivalent to 
the trench-facing slope and is where the samples were recovered by  dredging.
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C h a p t e r  3

M ETA M O RPH IC E V O L U T IO N

Hydrothermal circulation is a ubiquitous process operating in areas of active oceanic crustal 

accretion such as slow-, intermediate-, and fast-spreading mid-ocean ridges (MORs), intra­

plate volcanic centres, and back-arc and forearc basins of island arc systems \Humphns, 1995; 

RonaandScott, 1993]. There are a number of physical parameters that vary between these 

tectonic settings and affect hydrothermal systems. Tbese include the spreading rate, depth of 

penetration of normal faulting, rate and volume of magmatic activity, composition of 

erupted magmas, and volatile contents of magmas \MevdandCcamat, 1991; Olive eta l, 1997; 

PurcfyetctL, 1992; SmithetaL, 1997', StemandBloomer, 1^92].

Ophiolites are commonly used as ancient analogues to study modem mid-ocean 

ridge processes although it is generally accepted that loiost ophiolites formed in a 

suprasubduction zone (SSZ) setting \Myashiro, 1973; PearœetaL, 1984]. Several studies have 

shown that important differences exist between patterns of hydrothermal alteration in 

MORs and SSZ ophiolites [Alt, 1995; GidisandBanerjee, in press; SdTffinanetoL, 1990].

Recent studies by Alt et al. [1998] and Kelman [1998] have documented hydrothermal 

alteration patterns in the shallow crust of m odem  SSZ environments -  the Izu-Bonin and 

Tonga forearcs, respectively. These studies have show n that the degree of alteration in the 

volcanic sequences of forearcs is more extensive and occurs at higher water-rock ratios than 

at MORs, and is comparable to that observed in SSZ ophiolites.

The purpose of this chapter is to document th e  metamorphic evolution of a section 

of modem forearc crust using one of the most complete collections of basaltic, gabbroic, 

and felsic plutonic samples available, dredged from  th e  Tonga forearc. I use the Tonga 

collection as a case study to evaluate the evolution of hydrothermal alteration in ocean crust 

formed in a m odem  SSZ setting. Mineral compositions and textures, and geothermometric 

calculations are used to constrain the evolution of alteration conditions (e.g., temperature, 

hydrothermal fluid composition, water-rock ratio) during progressive fluid-rock interaction. I
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compare the results with studies of hydrothermal alteration in  SSZ ophiolites and M O R s to  

assess the role tectonic setting plays in the development of hydrothermal circulation.

I g n e o u s  R o c k  T y p e s

Over 1900 samples, comprising a wide variety of rock types, were dredged from 39 sites 

between 26° and 14°S along the trench-facing slope o f the Tonga forearc during the 1996 

Boomerang Leg 8 cruise aboard the RA^M dville (Figure 3.1). M y stucfy- focuses on gabbros, 

plz^ogranites, and basalts that display evidence of high-temperature (>200°Q alteration.

The distribution o f lithologies on the trench-fadng slope is crudely layered with ultramafic 

rocks com m on in the deepest dredges (8000-7000 m), gabbros become more common 

above, and basalts are the prominent rock type at depths <  5000 m  [Bloon^etaL, 1996].

Gabbroic Rocks

Gabbroic samples range from medium- to coarse-grained, poikiHtic to equigranular gabbro, 

olivine gabbro, oxide gabbro, and gabbronorite, aU of w hich are referred to as gabbros.

There is no evidence of modal layering, however, a few samples display a magmatic foliation 

defined by alignment of plagioclase crystals. Several samples contain brown, titaniferous 

amphibole that occurs as rims on or blebs in clinopyroxene, o r as intergranular grains 

between plagioclase laths (Figure 3.2A).

Felsic P lutonic Rocks

A variety of felsic plutonic rocks, including diorite, quartz diorite, and tonalité, were 

recovered in association with the entire spectrum of lithologies. These plagiogranites are 

fine- to medium-grained rocks with subhedral granular and intergranular textures that 

contain quartz +  plagioclase with minor amphibole ±  magnetite ±  ilmenite. In a few cases, 

pl^ogranites contain >  5% Fe-Ti oxides. Quartz and plagioclase commonly exhibit graphic 

intergrowth. M inor apatite, titanite, and rare zircon are comm only associated with quartz.
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Figure 3.1 Bathymetric map showing dredge sites (stars) along the Tonga forearc. Filled 
stars indicate dredge locations of samples used in this study. Contour labels are gives in 
kilometers. Location o f Ocean DriUing Program sites 840 and 841 are also shown. Inset 
map shows the location of the study area in the southwest Pacific. Modifed firom Shipboard 
Scientific Party [1992].
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Figure 3.2 Photomicrographs showing typical mineral assemblages and textures: A) Brown 
(possibly magmatic) amphibole rimming clinopyroxene in olivine gabbro (sample 105-1-6), 
B) Amphibole veinlets cutting plagioclase and clinopyroxene in gabbro. Amphibole also 
occurs as rims on dinopyroxene (sample 105-1-25). Q  Intergranular amphibole between 
plagioclase grains in olivine gabbro (sample 94-1-2). D) Replacement o f clinopyroxene by 
amphibole in oxide gabbro. The sample is cut by numerous chlorite veinlets (sample 106-2- 
5). E) Adcular amphibole with chlorite in alteration patch in olivine gabbro (sample 113-2- 
11). F) Amphibole assodated with patchy alteration in basalt (sample 105-3-6). All photos 
in plane polarized light. Abbreviations: Amph = amphibole, Cpx = dinopyroxene,
Flag = plagioclase, 01 = olivine, Chi = chlorite, Ep = epidote.
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Basaltic Rocks

Basaltic rocks are either aphyric to sparsely phyric plagioclase ± clinopyroxene ±  olivine) 

with a glassy o r cryptocrystalline groundmass, o r fine to medium grained with intergranular 

assemblages of plagioclase + clinopyroxene ±  olivine ±  magnetite ±  ilmenite. These rocks 

may have been emplaced as either volcanic o r intrusive units. However, without field 

relations it is generally not possible to speculate on their origin. Compositions include arc- 

tholeiites, depleted tholeiites, and magnesium-rich boninites \BoomeretaL, 1998]. Fine to 

medium grained samples are distinguished from  fine-grained gabbroic samples by the 

presence of vesicles. A  few basaltic samples from  dredge 96 display chilled margins against 
plagiogranite.

Al t e r a t io n  C h a r a c t e r ist ic s

The Tonga suite records the initial high-temperature penetration of hydrothermal fluids into 

the crust through to pervasive replacement of primary phases at low-temperature and high 

water-rock ratios. Gabbroic samples contain the broadest range of metamorphic mineral 

assemblages and preserve the best evidence o f initial high-temperature hydrothermal 

alteration. Basalt and felsic plutonic samples are commonly altered to greenschist facies and 

lower temperature mineral assemblages. In all cases, pervasively altered samples that 

preserve high-temperature mineral assemblages have been subsequently overprinted during 
lower temperature events.

Gabbros

Gabbroic samples are variably altered to amphibolite to sub-zeolite facies assemblages [Zitw 

etoL, 1974; Spear, 1981]. High-temperature alteration is preserved as green amphibole rims 

on pyroxene, microscopic green amphibole veinlets, and green amphibole grains interstitial 

to plagioclase (Figure 3.2B and 3.2Q. The freshest samples exhibit limited (<20%) 

replacement of prim ary minerals with the most pervasive alteration proximal to  amphibole 

veinlets. Clinopyroxene is variably altered (<  20%) to green, blocky to acicular amphibole 

and chlorite at grain boimdaries and proximal to crosscutting amphibole veinlets (Figure 

3.2B). Olivine and orthopyroxene are altered (up to 30%) to assemblages of amphibole.
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chlorite, talc, iddingsite, serpentine, and magnetite. Samples no t containing olivine or 

orthopyroxene are generally less altered. Plagioclase remains fresh o r has a slight dusty 

appearance resulting from the presence o f minute opaque inclusions o r minor alteration to  
chlorite.

Samples which show more pervasive alteration (20 to >  50%) typically have higher 

temperature assemblages overprinted by minerals such as epidote, chlorite, prehnite, zeolites, 

carbonate, and clay minerals. Alteration near amphibole ±  chlorite veins is most pervasive 

with haloes that extend 1 to 10 mm into the groundmass. Isolated patches of intensely 

altered primary minerals are also observed which contain chlorite ±  epidote ± amphibole. 

Clinopyroxene is altered to amphibole ±  chlorite ±  magnetite and plagioclase is cloucfy- from  

replacement by sodic plagioclase, chlorite, epidote, and rare amphibole figure 32D).

CXivine and orthopyroxene are rarely preserved.

The most pervasively and uniformly altered (>  50 %) samples contain assemblages of 

amphibole, chlorite, epidote, prehnite, zeolites, carbonate and clay minerals. Some relict 

clinopyroxene is present, however, most is replaced by amphibole + chlorite + magnetite 

(Figure 3.2E). Plagioclase is pervasively (>  30%) altered to sodic plagioclase, epidote, 

chlorite, and quartz. Pseudomorphs of olivine and orthopyroxene contain assemblages of 

amphibole, chlorite, talc, iddingsite, serpentine, and secondary magnetite. Brittle fractures 
and cataclastic zones are common. Veins commonly crosscut primary minerals and in a few 

cases, veins contain sequentially deposited minerals, which document changing metamorphic 

conditions. F o r example, some veins contain chlorite in the core and amphibole at the 

margins su ^ estir^  continued fluid flow at progressively lower temperatures. There is no 

evidence of ductile deformation in the Tonga collection.

Felsic P lutonic Rocks

Plagiogranites are variably altered to greenschist facies mineral assemblages. Blocky to 

acicular, dark to  grass green, strongly pleochroic amphibole is the most common mafic 

phase. Brown, Ti-rich amphibole is locally rimmed by green, less Ti-rich amphibole and is 

locally further altered to chlorite. Fine-grained magnetite is associated w ith amphibole and 

chlorite in alteration patches. Plagioclase is typically sodic and varies from slightly dusty, 

resulting from very fine-grained opaque inclusions, to brow n and cloucfy’, resulting from 

pervasive replacement by fine-grained chlorite ± epidote ±  seriate ±  clay minerals. Blocky,
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prismatic, and needlelike grains of epidote and patches of chlorite are common in more 

pervasively altered samples. Veins are rare, however, shear zones filled w ith fine-grained 

epidote + quartz ±  chlorite ±  carbonate are observed. Primary ilmenite is partially replaced 

by titanite. Li the most pervasively altered samples, original igneous textures are replaced by 

granoblastic assem blies of epidote + quartz ±  chlorite ± amphibole. These samples are 

transitional between plagiogranite protoliths and epidosites (see below).

Basalts

Basaltic samples included in this study were restricted to those displaying evidence of high- 

temperature (^eenschist facies and above) alteration. The majority of the basaltic samples in 

the Tonga suite were altered to low temperature assemblages typical of M O R  volcanic 

sequences [see I^bnan^ 1998]. Basalts are variably altered to mineral assem blies typical of 

the zeolite, greenschist, and amphibolite facies. In samples that preserve amphibolite facies 

mineral assemblages, clinopyroxene is pervasively (>  50%) replaced by amphibole. In 

samples that lack amphibolite facies assemblages, clinopyroxene is typically less altered 

(<30%) and replaced by amphibole + chlorite along fractures and grain boundaries. 

Plagioclase alteration in all samples varies from slightly dusty, resulting from  very fine­

grained opaque inclusions, to brown and cloudy, resulting from alteration to  sodic 

plagioclase + chlorite ±  epidote. Within alteration haloes adjacent to veins, plagioclase is 

altered to more sodic compositions and clinopyroxene is altered to amphibole ±  chlorite. 

Pervasive (>  60%) alteration occurs in brecciated samples where patches of chlorite ± 

amphibole ±  epidote replace groundmass phases (Figure 3.2F). A few samples with diabasic 

textures display pervasive (> 70%) epidotization of plagioclase and replacement of 

clinopyroxene by chlorite ± amphibole. These samples are transitional to  epidosites (see 

below). Zeolites, clay minerals, quartz, and carbonate commonly fill late veins that crosscut 

all other alteration features.

Epidosites

Epidosites are characterized by the complete replacement of primary igneous textures by 

granoblastic assemblages of epidote + quartz ±  chlorite. Epidosites metasomatically replace 

several basalt and plagiogranite samples and represent extremely pervasive alteration 

resulting from high-temperature fluid-rock interaction at high water-rock ratios \Ridmdsanet
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aL, 1987; SchÿmmaruiSrmÜo, 1988]. A  previous study has shown that the Tongan epidosites 

are analogous to those described from SSZ ophiolites \_BanerjeeetaL, 2000].

M in er a l  C o m p o s it io n s

Major element compositions were determined using Camebax SX50 and JEOL JXA-8900R 

electron microprobes at Oregon State University and the University of Alberta, respectively. 

Operating conditions were similar for both microprobes in order to minimize inter-lab 

variation and instrument calibration was performed on natural standards. Overall, primary 

and secondary mineral compositions from the Tonga samples are similar to those from  

studies ofM O R and ophiolites [e.g., .(4/ref 1996; Gillis, 1995; GillisetaL, 1993; MzwzzMgef

al., 1996;rVfeaB̂  Nehlig e toL, 1994; Stakes et oL, 1991].

Amphibole

Amphibole occurs as intergranular grains between plagioclase laths, lines microfractures 

cutting plagioclase and clinopyroxene, fills veins, and occurs in groundmass alteration 

patches associated with chlorite. Most amphibole is calcic, however, minor Mg-Fe-Mn 

amphiboles are also observed. Brown, Ti-rich (Ti >  0.15 cations) amphibole occurs as rims 

on or blebs in dinopyroxene (Figure 3.2A), as well as interstitial grains between plagioclase 

in evolved lithologies (i.e., plagiogranite). Green to colorless, low-Ti (<0.15 cations) fibrous 

amphibole fills monomineralic veins, occurs as alteration patches, and replaces pyroxene, 

olivine, and less commonly plagioclase. In a few cases, brown amphibole is rimmed by  

green, Ti-poor amphibole adjacent to veinlets. The combination of mineral chemistry ^ g h  

vs. low Ti), geothermometry (see below), and textures suggest brown and green amphiboles 

are m^matic and hydrothermal in origin, respective^.

Amphibole has a wide range in composition, both within and between samples, from 

actinolite to magnesio-homblende to pargasite (Table 3.1). Amphibole compositions 

correlate with the composition of the host lithology such that the most Mg-rich amphiboles 

occur in gabbros and basalts whereas Fe-rich amphiboles occur in plagiogranites (Figure 

3.3). Site A  occupancy systematically increases w ith increasing A l^  (Figure 3.4A). Amphibole 

in veins contains <  0.15 Ti cations which is consistent with a hydrothermal origin [e.g., Ito and 

Anderson, 1983; Méod, 1988] fig u re  3.4B). MnO is typically low (<  0.5 wt%), but a few
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analyses contain up to 0.93 w t% . Amphibole contains up to 0.58 wt% F  and 0.64 wt% Cl, 

however, most grains contain less than 0.10 and 0.30 wt%, respectively. Elevated F (>  0.1 

wt%) is most common in p l^ogran ites; however, a few gabbroic samples also contain high 

F values. Elevated (>  0.1 wt% ) C l values are found in all rock types.

Chlorite

Chlorite and mixed-layer chlorite/smectite replace pyroxene, olivine, plagioclase, and 

amphibole, line veinlets cutting plagioclase, fill fractures, and occur in alteration patches 

associated with amphibole. Chlorites range in composition fr-om chamosite to clinochlore 

\Bcdley, 1988]. Several analyses contain > 6.25 Si cations suggesting the presence of smectite 

interlayers (Table iBettiscm-andSdjiĵ TTian, 1988]. This mixed-layer chlorite/smectite is 

associated with chlorite and amphibole in alteration patches in pervasively altered samples.

Chlorite shows a wide range in k%/(Mg4-Fe^+) that, like amphibole, correlates w ith 

the composition of the host lithology (Figure 3.5). Chlorite Mg/^%4-Fe^+) is relatively 

uniform within individual samples and is generally s%htly less k%-rich than coexisting 

clinopyroxene. Chlorite contains up to 0.70 wt% F and 0.16 wt% Cl; most grains contain 

<  0.10 and <  0.05 wt%, respectively. Mixed-layer chlorite/smectite typically has 

M^(h%4-Fe^+) values similar to  chlorite in the same sample. CaO, NaaO and K2O contents 
in chlorite and mixed-layer chlorite/smectite are <  03 wt%.

Epidote

Epidote fills veins and vesicles where it occurs as blocky and radiating grains associated w ith 

quartz and chlorite, and replaces primary plagioclase. Epidote in all rock types has pistacite 

(Ps) contents (F e^ /F e^  -f-Al''^  ̂that range from Psu to Ps36. There is no systematic variation 

in pistacite content with m ode o f occurrence. Pistacite contents in individual samples 

generally vary by <0.05 to  0.1, however, variations of 0.15 are recorded in some samples. 

Grains commonly display zoning with Fe-rich cores and Al-rich rims.



TABLE 3.1 Representative Amphibole Analyses
Sample 105-3-6 99-2-1 108-3-16 105-1-21 105-1-25 111-4-3 94-1-2 96-1-5 96-2-13 106-2-11
Occurrence patchy rim patchy mag vein rep IG rep patchy IG
Rock Type basalt basalt BE ol gabbro gabbro gabbro GN PG PG PG
Recalculation 15NK 15NK 15NK ave ave 15NK ave 15NK 15NK ave

SlOa 49.46 49.54 51.27 42.97 47.47 52.93 46.02 47.55 52,57 44.53
TiOa 0.19 0.21 0.83 2.61 0,43 0.06 0.50 0.37 0.48 2.50
AlgOg 3.87 7.04 2.70 12.07 7.92 3.97 6.96 2.53 3.65 10.40
FeO^ 22.83 11.47 17.05 9.24 15.40 9.09 18.87 33.48 11.97 14.05
CraOa 0.01 0.04 0.00 0.40 0.02 0.02 0.00 0.00 0.02 0.02
MnO 0.32 0.25 0.28 0,11 0.24 0.28 0.19 0,40 0.55 0.27
MgO 10.27 15.66 14.25 15.36 12.94 20.50 10.82 3.20 16.39 13.94
CaO 11.32 11.84 8.78 11,67 12.46 9.85 11.63 9.34 12.05 11.10
NaaO 0.32 0.61 2.45 2.78 1.01 0.32 1.15 0.36 0,60 1,94
KaO 0.08 0.03 0.39 0.12 0.05 0.05 0.05 0.15 0.02 0.10
F 0.05 0.00 1.21 0.00 0.05 0.04 0.06 0.00 0.00 0.09
Cl 0.03 0.02 0.03 0.03 0.13 0.03 0.31 0.32 0.01 0.06
Total 98.66 96.69 99.24 97.33 98.11 97.08 96.18 97.38 98.32 98.66

Si 7.35 7,16 7.67 6.24 6.91 7.45 6.93 7.59 7.51 6.40
Ar 0.65 0.85 0.33 1.76 1.09 0.55 1.07 0.41 0.50 1.60
Al" 0.03 0.35 0.15 0.30 0.27 0.10 0.17 0.07 0.12 0.16
Fe'̂ * 0.48 0.27 0.00 0.27 0.50 0.34 0.57 0,11 0.10 0.65
Fe^^ 2.36 1.12 2.14 0.85 1.38 0.73 1.81 4.37 1,33 1.04
Mg 2.28 3.37 3.18 3.32 2.81 4.30 2.43 0.76 3.49 2.99
Mn 0.04 0.03 0.04 0.01 0.03 0.03 0.02 0.05 0.07 0.03
Ti 0.02 0.02 0.09 0.29 0.05 0.01 0.06 0.04 0.05 0.27
Cr 0.00 0.01 0.00 0.05 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1,80 1.83 1.41 1.81 1.94 1.49 1.88 1.60 1,84 1,71
Na 0.09 0.17 0.71 0.78 0.28 0.09 0.34 0.11 0.17 0.54
K 0.02 0.01 0.07 0.02 0.01 0.01 0.01 0.03 0.00 0,02
Cl 0.01 0.01 0.01 0.01 0.03 0,01 0.08 0.09 0.00 0.01
F 0.02 0.00 0.57 0.00 0.02 0.02 0.03 0.00 0.00 0.04
Cations 15.11 15.18 15.79 15,71 15.26 15.10 15.28 15.14 15.17 15.41
FeO^ = Total F e  a s  FeO; ave = average method; BE = basaltic epidosite; ol gabbro = olivine gabbro; GN = gabbronorite; PG = 
plagiogranite; rim = rim on clinopyroxene; m ag = magmatic; rep = replacive; IG = Intergranular; S ee  text tor description ol am phibole m ode 
of occurrence; Amphibole analyses w ere recalculated on the basis of 23 anhydrous oxygens according to the 15NK and  average m ethods 
outlined In Robinson e t al. [1982] In order to satisfy crystal-chemical limits.

w
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Table 3.2 Representative Chlorite Analyses

Sample 101-1-2 105-3-6 113-1-10 108-2-12 96-1-16 96-1-27 99-1-30 106-2-5 112-2-1 105-1-14
Rock Type basalt basalt basalt PG PG PG GN gabbro gabbro gabbro
Mineral sm/chi chi chi chi chi chi chi chi sm/chi chi

SiOa 31.07 25.62 29.02 23.83 26,18 25.91 30.41 26.12 31.89 24.94
TiOa 0.03 0.02 0.03 0,00 0,00 0.00 0.00 0.04 0.12 0.08
AI2O3 15.50 19.32 17.87 20.52 20.97 20.91 18.99 20.35 15.14 19.98

0.01 nd nd 0,02 0.00 0.01 0.00 nd 0.43 nd
FeO^ 23.10 30.74 20.98 38,60 30.38 25.75 12.50 26.71 10.47 26.84
MnO 0.25 0.39 0.26 0,32 0.18 0.29 0.14 0.33 0.20 0.24
MgO 17.11 11.78 20.51 4,48 10.98 15.47 25.49 14.87 28.14 14.67
CaO 0.31 0.21 0.06 0,09 0.10 0.02 0.14 0.09 0.15 0.15
NagO 0.04 0.05 0.03 0,02 0.03 0.00 0.02 0.02 0.00 0.07
K2O 0.19 nd nd 0,01 0,05 0.03 0.01 nd 0.01 nd
F 0.00 0.01 0.02 0,00 0.05 0.00 0.00 0.02 0.00 0.08
Ci 0.01 0.12 0.03 0.00 0,03 0.01 0.01 0.05 0.00 0.08
Total 87.62 88.26 88.81 87.89 88.95 88.40 87.71 88.60 86.55 87.13

Si 6.44 5.55 5.88 5,41 5.57 5.43 5.95 5.49 6.28 5.37
Ai"' 1.56 2.45 2.12 2.59 2.43 2.57 2.05 2,51 1.72 2.63
AM 2.22 2.48 2.15 2.90 2.83 2.58 2.32 2.53 1.79 2.43
Ti 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.01 0.02 0.01
Fe:+ 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

4.00 5.57 3.56 7.33 5.41 4.51 2.05 4.70 1.72 4.83
Or 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0,07 0.00
Mn 0.04 0.07 0.05 0.06 0.03 0.05 0.02 0.06 0.03 0.04
Mg 5.29 3.80 6.20 1.52 3.48 4.83 7.43 4.66 8.26 4.71
Ca 0.07 0.05 0.01 0.02 0.02 0.00 0.03 0.02 0.03 0.04
Na 0.02 0.02 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.03
K 0.05 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.00 0.00
F 0.00 0.01 0.03 0.00 0.07 0.00 0.00 0.03 0.00 0.11
Ci 0.01 0.09 0.02 0.00 0.02 0.01 0.01 0.04 0.00 0,06
Cations 19.69 19.99 19.98 19.84 19.80 19.99 19.86 19.98 19.92 20,09
FeO^ = total Fe as FeO; chi = ctiiorite; sm/ctil = Interlayered smectlte/chlorlte; nd = not determined; PG = plaglogranlte; 
ON = gabbronorite; Analyses were recalculated on the basis of 28 anhydrous oxygens.
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Plagioclase

In basaltic and gabbroic samples, prim ary plagioclase is replaced by secondary pl^oclase, 

chlorite, sericite, and, less com m only, epidote or amphibole. In plagiogranite samples, 

plagioclase displays graphic intergrow th with quartz and is replaced by secondary plagioclase, 

epidote, chlorite and sericite.

Anorthite contents (An) display a wide range of values (0-97) due largely to 

variations in primary plagioclase compositions between lithologies, Anorthite contents in 

gabbroic samples form three populations. I interpret calcic (> An/o) and intermediate 

plagioclase (An40-An63) as prim ary except where it occurs in patches or as rims on primary 

grains next to veins, in which case I interpret it to be secondary. Sodic plagioclase (Anio- 

Anao) commonly occurs as rims o n  o r  patches in primary plagioclase and is hydrothermal in 

origin. Plagioclase in plagiogranites ranges from pure albite to Ansa. Individual samples show 

a narrower range in anorthite contents; however, albite coexists with more calcic pl^oclase 

in a number of samples. Prim ary plagioclase compositions in basalt range from Anas to An%; 
secondary plagioclase is less than  Anzi.

In all rock types, secondary plagioclase spans a wide range in composition from pure 

albite to Anso, similar to secondary plagioclase in hydrothermaUy altered MORBs [Alt et oL, 
1396;ManningandMadjeod, 1996; VankoandLaverne, 1998]. The highest secondary anorthite 

contents are found in gabbros th a t preserve high-temperature alteration, typically as rims on 

primary grains adjacent to veins. T he shift in the anorthite content of narrow secondary 

p l^oclase rims relative to igneous values is generally less than 10%, and can be both greater 

and less than the igneous value, sim ilar to what has been observed in oceanic gabbros [e.g., 

MmningandMacLeod, 1996]. Backscattered electron images confirmed the presence of 

secondary plagioclase and show th a t secondary plagioclase forms adjacent to  veinlets and 

fractures in all rock types (see section below).

Pyroxene

Clinopyroxene Iv%/(\%+Fe^+) ranges from  0.92 to 0.52 and does not show a marked 

variation between gabbroic lithologies. Cores (0.68 - 0.92) are generally more h^-rich  than 

rims (0.52 - 0.88). Rims display a w ider range in composition than cores, however, it is 

uncertain if rims represent igneous zoning or hydrothermal overgrowths. Clinopyroxene of



41

clearly hydrothermal origin was not identified, although clear unexsolved grains with low Al 

and Ti may be hydrothermal [cf., MannmgandBird, 1986]. TiOz decreases and CrzOs 

increases with increasing (^/%+Fe^+). AI2O 3 and NazO show no consistent trend with 
increasing Mg/(h^+Fe2+).

Fresh orthopyroxene is rare in the Tonga collection and occurs as large anhedral 

oikocrysts that enclose plagioclase. Orthopyroxene Mg/(N^+Fe2+) ranges from  0.63 to 0.73 

and is similar (± 0.05) to those for clinopyroxene from  the same sample.

Oxides and Sulphides

Magnetite and ilmenite occur in minor amounts in  most samples (<  1 to  5%) but is present in 

modal proportions between 5 and 10% in a few gabbroic samples. Magnetite occurs as fine 

euhedral grains in the groundmass or as very fine, disseminated grains in alteration patches 

after olivine and pyroxene. Ilmenite shows skeletal textures and is commonly partially 

replaced by titanite. Minor pyrite occurs as very fine, disseminated grains in the groundmass 

of fine- to medium-grained basaltic samples. Pyrite and trace chalcopyrite occur in quartz ±  

epidote ± chlorite veins cutting basalt and plagiogranite samples. Sulphides are commonly 

rimmed by reddish brown Fe-oxyhydroxides.

Zeolites, Analcite, and Prehnite

Zeolites and analcite occur as blocky or radiating grains filling late-stage veins where they are 

associated with quartz and rarely carbonate. Thomsonite, mesolite, phillipsite, chabazite, 

laumontite, and analcite were tentatively identified on the basis of SirAl ratios and Ca, Na, 

and K contents from  electron microprobe analyses. Individual samples comm only contain 

only one variety of zeolite. Fine-grained, blocky prehnite occurs in late-stage veins in two 

gabbroic samples. Prehnite is associated with epidote in one sample and zeolites in the other. 
Prehnite is Fe-poor with F e ^ /(F e ^  +A1^ contents <  0.06; MnO contents are <  0.09 wt%.
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T e m p e r a t u r e  C o n stra in ts

Geothermometry

Metamorphic temperatures were calculated from amphibole-pl^oclase pairs using the 

geothermometers of Holland and Blundy [1994], The edenite-tremolite exchange 

thermometer was used for samples that contain quartz and the edenite-richterite 

thermometer was used for samples that do not. Forty-two pairs failed one o r m ore of the 

compositional criteria imposed by  H olland and Bluncfy’s [1994] data set. Temperatures 

calculated for the remaining 131 amphibole-plagioclase pairs span a wide range, from 521° 

to >900°C. The stated uncertainty in the thermometers is ±40°C in the range 400° to 900°C 

(edenite-tremolite) and 500° to  900°C (edentite-richterite) \HdlandctndEUcndy, 1994].

Several factors need to  be addressed when considering the accuracy o f the calculated 

temperature data. Foremost is the underlying assumption in Holland and Bluncfy’s [1994] 

thermometers that exchange equilibrium  between amphibole and coexisting p l^oclase  was 

achieved during fluid-rock interaction and th a t there has been little subsequent exchange. I 

believe this assumption holds fo r the  Tonga collection for a number of reasons. Back- 

scattered electron images were used to  ensure that secondary plagioclase was in contact with 

amphibole grains considered fo r therm om etric calculations. In partially altered samples, 

narrow (5 to >  20 microns) rims o f secondary plagioclase are evident whose A n contents are 

shifted relative to igneous values. Compositionally homogeneous secondary plagioclase 

adjacent to amphibole is consistent w ith local scale equilibrium. Since fluids that have 

penetrated over a kilometer into the  lower oceanic crust are expected to be strongly rock- 

buffered, it is also likely that less exchange between fluid and rock is required to  achieve 

equilibrium. In addition, reaction rates in the amphibolite facies have been shown to occur 

rapidly, which makes exchange equilibrium more probable \Spear, 1981; Woodand Waldjer, 

1983]. Diffusive re-equilibration is unlikely in these samples due to the slow diffusion rates 

in plagioclase and amphibole [e.g., BrahanderandGiktd, 1995; UuandYund, 1992].

The upper limit given by  Holland and Blunc^ [1994] for both the edenite-richterite 

and edenite-tremolite thermometers is 900°C, therefore, temperatures >  900°C may be 

inaccurate. Further limits on the  plagioclase-amphibole thermometers are imposed by the
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compositions of amphibole and plagioclase in the calibrant dataset \H0lLmdandBU4ndyy 

1994]. The thermometers ignore Fe and Mg substitution into the M4 site because estimation 

of Fe and Mg M4 content is difficult and shows no significant effect on  the thermometer 

\HolLmdaridBhtrufy, 1994]. This is likely not a problem for the Tonga samples because their 

cummingtonite component is low (Table 3.1). The thermometers also ignore M n and Ti. Mn 

contents in Tongan amphiboles are low (Table 3.1). Holland and Blimcfy" [1994] caution 

against the use of their thermometers for kaersutites o r Ti-rich richterites, however, these 

compositions do not occur in the Tonga suite. Similarly, the thermometers %nore 

substitution of F and C l in amphibole. Most of the amphiboles used for calculating 

temperatures have low C l and F contents (<  02 and <  0.1 wt% respectively). A  few grains 

have elevated values (up to  0.64 wt% Cl and 0.58 wt% F), however, they do n o t show any 

systematic errors in calculated temperatures. I also investigated the dependence of 

amphibole chemistry on  bulk-rock composition and found no correlation w ith calculated 

temperature. As a result, I  believe systematic errors in calculated temperatures due to 

compositional variation are not likely for the Tonga suite.

Calculated temperatures for amphibole -  secondary plagioclase pairs are summarized 

in Figure 3.6. Temperatures calculated for amphibole hosted in gabbro are typically higher 

than those for basalt and plagiogranite (Figure 3.6). The highest temperatures (802° to 

995°C) in all rock types were calculated for brown amphibole that occurs as intergranular 

grains or rims on clinopyroxene. These grains commonly have elevated T i contents (>  0.15 

cations) and are likely m ^m atic  in origin. In gabbroic samples, amphibole that fills 

microfractures cutting plagioclase has low Ti contents (<0.15 cations) and records very high 

temperatures (723° to 917°C). Similar temperatures are recorded from green amphibole that 

rims or replaces clinopyroxene (721° to 874°C). These high temperatures are likely related to 

the early penetration o f hydrothermal fluids into the lower crust.

Temperatures fo r plagiogranite and basalt are considerably lower than those from 

gabbros, with the exception of brown, high-Ti (025 cations average), intergranular 

amphibole grains in an oxide-rich plagiogranite that record an average temperature of 961°C
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Figure 3.6 Temperatures calculated from plagioclase-amphibole pairs using the 
geothermometer o f  Holland and Blundy [1994]. Temperature ranges are grouped by  
amphibole mode o f  occurrence and rock type. Small open symbols indicate individual 
temperature measurements from samples in which multiple temperatures were calculated; 
small black symbols indicate individual analyses from samples in which only a single 
temperature for that mode o f  occurrence was calculated; large symbols represent average 
values calculated from multiple temperatures in the same sample. Number o f  calculated 
temperatures used for averages range from 2 to 8 per sample. Magmatic origin is defined as 
brown amphibole occurring as intergranular grains or rims on clinopyroxene. See text and 
Figure 3.2 for additional descriptions o f  amphibole textures.
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Temperatures from  secondary amphibole replacing primary amphibole and coexisting 

secondary plagioclase in plagiogranites span a wide range (571° to 768°C). Amphibole in 

microscopic veinlets cutting plagioclase in basalt record temperatures between 669° and 

760°C. Temperatures from amphibole replacing primary clinopyroxene and coexisting 

secondary plagioclase in basalts range from  550° to  773°C. Secondary amphibole and 

plagioclase occurring in alteration patches after groundmass minerals in basalts and 

pl^ogranites exhibit the lowest range in temperatures (521° to 677°Q.

Experimental Studies

Several samples in the Tonga collection altered to  greenschist facies mineral assem blies do 

not contain coexisting amphibole and plagioclase in textural equilibrium. F or these samples 

it is necessary to  compare mineral assemblages and compositions w ith  experimental studies 

to constrain temperature. Experimental studies indicate that at low pressures greenschist 

assemblies include chlorite ± actinolite ±  epidote + albite + titanite; transition to the 

amphibolite facies assemblies are characterized by oligoclase + titanite ±  epidote, a 

decrease in the abundance of chlorite, and an increase in amphibole (actinolite to 

hornblende); and amphibolite facies assem blies include andesine +  hornblende in the 

absence of chlorite \1àou etoL, 1974; Moody etaL, 1983; Spear, 1980]. Several samples from 

the Tonga collection contain mineral assem blies that are characteristic of more than one 

facies. For example, many samples contain chlorite ±  epidote in association w ith calcic 

plagioclase (Xad >  0.40) + amphibole of variable composition. Experimental studies would 

place these samples in the transition to  the amphibolite facies, which has peak temperatures 

near 550°C, assuming the quartz-magnetite-fayalite redox buffer [Liou et aL, 1974; Moocfy et 

ctL, 1983; Spear, 1980]. These temperatures, in  combination with thermometric calculations, 

indicate that metamorphism spanned several metamorphic facies.

Active Geothermal Systems

Constraints on  temperatures of alteration for samples displaying pervasive alteration 

associated w ith the development of greenschist facies mineral assemblages can also be 

estimated by comparison with studies o f geothermal systems. These studies have shown that 

mixed-layer chlorite/smectite first appears at temperatures between 150° and 180°C and
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discrete chlorite appears from > 230° to  275°C \Kristmamsdoair, 1975; Sdnffirutnand 

FriÆeî sson, 1991]. Epidote, prehnite, and  actinolite become stable at somewhat higher 

temperatures (> ~250°C) {BirdetaL, 1984; Kristrmnnsdcair, 1975]. Sub-greenschist facies 

temperatures (<  150°C) are recorded b y  the presence of analcite and zeolites, which are 

found in late fractures. The presence o f late carbonate and smectite in the most pervasively 

altered and fractured samples indicate temperatures eventually dropped below 100°C.

D isc u ssio n

The metamorphic evolution of the Tonga suite reflects the time-integrated effects of fluid- 

rock interaction during the natal s t^ e s  o f subduction ioitiation. In the following sections I 

propose a sequence of events, including fracturing, fluid penetration, and tectonic 

exhumation that resulted in the metamorphic evolution of the Tonga suite. Although the 

Tonga samples lack stratigraphie control, comparison of alteration characteristics in the 

Tonga samples with MORs and SSZ ophiolites, as well as thermotfynamic and experimental 

studies, allows us to place them in a conceptual framework. This also enables us to  speculate 

on the relative timing of events and h o w  they fit into a general crustal evolution model for 

the Tonga forearc.

Metamorphic Evolution

Plutonic Sequence

The transition from magmatic to hydrothermal-dominated conditions is marked by the 

penetration of seawater-derived fluids along grain boundaries and microfractures, at high 

temperatures (near 850°C). Microscopic (<  1 mm), monomineralic amphibole veinlets in the 

Tonga gabbros penetrate relatively short distances but commonly intersect other 

microfractures, on a thin section scale, suggesting they represent a network with significant 

connectivity. This is consistent with recent thermodynamic models of water-rock interaction 

that suggest fluid flow is initiated at high temperatures in the lower ocean crust (700° to 

900°Q \McO)Uom and Shock, 1998] and  studies of gabbros from the fast-spreading EPR at 

Hess Deep \Gülis, 1935; ManningetaL, 1996; Westcn, 1998] and Troodos ophiolite \GiUisand 

Roberts, 1999]. Limited replacement o f primary minerals in the groundmass adjacent to
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microfractures and vein mineral chemistry su re s t that incipient alteration occurred at low 

water-rock ratios. Thermodynamic modelling of gabbro alteration, however, su^ests that 

pétrographie features may not be useful in deriving information on fluid flow, and higher 

water-rock ratios may have existed \McGoUomandSh(xk, 1998].

As temperature decreased below ~  850°C, amphibole formed rims on and 

pervasively replaced clinopyroxene (Figure 3.6). Samples that preserve these high 

temperature alteration features commonly exhibit limited (<20%) replacement of primary 

phases. Replacement of primary amphibole by secondary amphibole in plagiogranites 

extended from 773° dow n to 550°C. hi addition, more pervasively altered plagiogranites 

preserve acicular amphibole, associated w ith patchy chlorite and epidote, which formed at 

temperatures below 675°C. Below about 550°C, primary  minerals are replaced by epidote 

and chlorite in addition to  amphibole. Replacement of secondary amphibole and other high- 

temperature minerals (20-50%) is observed in more pervasively altered gabbro and 

plagiogranite samples. These samples commonly contain multiple generations of veins 

whose mineralogy follows the same progression as groundmass alteration and indicates 

fracturing continued from  amphibolite to  zeolite facies conditions. As discussed previously, 

secondary minerals such as chlorite and amphibole in the groundmass and veins mimic bulk 

rock chemistry, which suggests the primary mineralogy of the host rock is the controlling 

factor on vein mineral chemistry. This is similar to the results of several M O R  studies \Frvi3- 

GreenetoL, 1996; G illisetaL, 1993-, M mning et oL, 1996; Stakes etaL, 1991; Vcmho and Stakes^

1991]. These studies attribute the influence of bulk-rock composition on  vein mineral 

chemistry to low water-rock ratios and rapid reaction rates. However, in  light of recent 

thermocfynamic models [McCoJhmaridShodz, 1998] I believe this may no t always be the case.

The most pervasively altered (>  50% replacement) gabbros display evidence of 

cataclastic deformation and/or veins filled with zeolites and other lower temperature 

(<350°C) minerals. It is clear from geothermometric data and pétrographie evidence that the 

early metamorphism of gabbros occurred as high temperature fluids narra ted  along 

microfiacture networks and grain boundaries. However, it is less clear w hether later 

macroscopic veins and cataclastic deformation were part of an axial hydrotherm al system or 

if they occurred at some later time. In M O R  systems, low-temperature alteration in plutonic 

rocks is commonly associated with zones o f enhanced flow due to processes of tectonic
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unroofing. For example, re-orientation of metamorphic veins to their original position along 

with isotopic evidence in samples from Hess Deep, s u r e s t  that macroscopic chlorite ± calc- 

sihcate veins represent a later stage of fi"acturing resulting from  off-axis tectonism \Früh- 

GreenetaL, MacLeodandManmng, 199(>\MznmngetaL, 1996]. By analogy, late-stage, 

low-temperature veins in the Tonga gabbros could be related to faulting in the forearc, 

possibly resulting from trench rollback.

Basalts

Alteration in the basalts spanned a wide range of temperatures, resulting in the formation of 

overlapping metamorphic mineral assemblages. Although incipient alteration occurred at 

lower temperatures (<760°C) than in the gabbros (Figure 3.6), these temperatures are higher 

than have been inferred from previous studies of oceanic basalts. For example, the sheeted 

dikes in Hole 504B are generally characterized by greenschist facies mineral assemblies, 

although temperatures > 400°C were likely reached in the basal section \A lt et oL, 1996]. As 

in the gabbros, increased fracturing and circulation of hydrothermal fluids resulted in more 

pervasive replacement at somewhat lower temperatures. The association of acicular 

amphibole with patchy chlorite marks the waning stages of high-temperature (>  500°Q 

alteration and a change fi'om low to  moderate or high water-rock conditions. This transition 

is particularly evident in samples displaying cataclastic deformation in which the degree of 

replacement of primary phases is high. In the most pervasively altered samples (>  50%), late 

stage veins and vesicles filled w ith zeolites, carbonate, and clay minerals indicate that 

alteration continued to <  150°C and high water-rock ratios. However, it is not known if this 

low-temperature alteration represents a progression from  alteration processes initiated at 

high temperatures or resulted from unrelated processes associated with tectonic unroofing.

Comparison with SSZ Ophiolites and MORs

The basic components of hydrothermal systems include a heat source (i.e., magma or 

cooling dike) that drives convection, extensional processes (i.e., dike injection, fracturing, 

and faulting, and circulating seawater, which promotes chemical exchange and 

reciystallization of the oceanic crust. These components are independent of tectonic setting. 

As a result, the alteration characteristics documented for the Tonga forearc are generally
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similar to  those described for SSZ ophiolites [see review in GiUisandBanerjee, in press] and 
M OR crust [see review m A lt, 1995]. In the following section, I make several comparisons 

between SSZ ophiolites and M O R s that are relevant to my interpretation of the 

metamorphic evolution of the Tonga forearc crust and place the Tonga collection into this 
context.

Bascdt Alteration Characteristics

Alteration in volcanic sequences o f SSZ ophiolites and MORs are highly variable in style, 

degree, and grade of alteration. A w ay from zones of hydrothermal dischat^e, alteration in 

M O R volcanic sequences is characterized by low temperature (<  50°Q  assemblages, whereas 

in ophiolites they commonly preserve higher temperature mineral assemblages (zeolite o r  

prehnite-pumpellyite to greenschist facies) [see review in GiUisandBcmerjee, in press]. Recent 

studies o f metamorphism in the volcanic sequences of the Tonga and Izu-Bonin forearcs 

document low temperature mineral assemblages \A ltetaL, 1998; Kàman, 1998]. Basalts from  

the Tonga forearc that record high temperature alteration could have occurred either in  the 

volcanic sequence or sheeted dikes, since their stratigraphie position is not known. If 

alteration of these basalts occurred in the volcanic sequence, their peak temperatures (up to 

773°C) are considerably higher than  estimates from the volcanic sequences of both M O R s 

and SSZ ophiolites. However, if alteration took place in the sheeted dikes, the températures 

are closer to  those observed in M O R  and SSZ ophiolite settings [see review in GUlis and  

Banerjee, in press]. For example, h%h température alteration (> 700°Q is locally observed in 

sheeted dikes from Hess Deep \GiUis et oL, 1999].

A n increase in the degree o f replacement of igneous phases, such as clinopyroxene, 

with depth is commonly attributed to  a concomitant increase in alteration température and is 

observed in the sheeted dike sections o f both SSZ ophiolites and M ORs \GUlis and Banerjee, 

in press], h i the Troodos ophiolite, clinopyroxene is fresh or partially altered and chlorite ± 

quartz are common groundmass phases in the shallow dikes \GillisandRoldnson, 1990]. 

However, clinopyroxene is com m only completely replaced by amphibole at the base o f the 

sheeted dike sequence \Gillis and Roberts, 1999]. Replacement of clinopyroxene by amphibole 

in Hole 504B follows a similar trend  w ith depth, however, the degree of replacement in the 

deepest portions of Hole 504B is generally much less than 100% and commonly <  50% \A lt
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etoL, 1996], This is also true of the sheeted dikes at Hess Deep, which commonly preserve 

fresh clinopyroxene \GilUs, 1995], Basalts from  the Tonga forearc that record high 

temperatures are characterized by pervasive (>  50%) replacement of clinopyroxene by 

amphibole whereas those that preserve fresh clinopyroxene are dominated by chlorite and 

epidote. These characteristics suggest the high peak alteration temperatures observed in 

Tonga basalts are similar to those observed in the basal sheeted dikes of both SSZ ophiolites 

and MORs. The lack of stratigraphy in Tonga makes comparisons of degree of replacement 

of clinopyroxene with depth somewhat equivocal. However, other smdies of metamorphism 
in forearcs have suggested the degree of alteration in the volcanic sequence is more similar 

to SSZ ophiolites than MORs \A ltetaL , 1998; Kiman^ 1998].

Presence ofEpidosites andPîaÿo^anxtes

Epidosites, from both plagiogranite and basalt protoliths, occur in the Tonga collection and 

provide a link between ancient SSZ ophiolites and crust formed in a modem SSZ setting 

[Banerjee eted., 2000]. Epidosites are well documented in SSZ ophiolites yet they are 

conspicuously rare in rock collections from m odem  oceanic settings [GiUisandBanerjee, in 
press]. Fluid inclusion data indicate that the Tonga epidosites interacted with seawater- 

derived and possibly magmatic fluids at high temperatures (250° to >450°Q [BanerjeeetaL, 

2000]. Field and petrological data su re s t that epidosites form in upflow zones at the base of 

ore-forming hydrothermal systems 1992-, NehligetoL, 199A-, Ridxm honet
aL, 1987; SdriffhianetaL, 1987].

Similarly, plagiogranites are rare in collections from MORs but are commonfy’ 

observed in SSZ ophiolites. Fluid inclusion studies of plagiogranites in SSZ ophiolites have 

identified highly saline, three phase (Uquid + vapor + halite) inclusions that likely represent 

brines exsolved directly from late-stage melts [e.g., KeUeyetaL, 1992; NehligetaL, 1994]. Fluid 

inclusions with similar properties are found in Tonga plagiogranites, several of which are 

partially epidotized. Magmatic volatile contributions from evolved, late-st%e melts 

plagiogranites) to hydrothermal systems m ay help explain the presence of epidosites in SSZ 

ophiolites and the Tonga forearc as well as their absence at mid-ocean ridges.
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An important characteristic of the Tonga forearc gabbros is the presence of well-developed 

brittle deformation in the absence of ductile deformation. Brittle fractures range in scale 

from microscopic (<  1 mm) to macroscopic (1 to 5 mm) and also include centimeter-scale 

zones of cataclastic deformation. The microscopic veinlets are very similar to those 

described from Hess Deep and Oman \ManningetaL, in press]. In all cases, these 

microfractures are associated with crystal-plastic features such as twinning and undulatory 

extinction [present study; ManningetaL, in press]. I therefore interpret the microscopic 

amphibole veinlets as evidence that the initial penetration of hydrothermal fluids into the 

plutonic sequence occurred during semibrittle microfracturing as the gabbros cooled below 

the brittle-plastic transition [e.g., Evans et aL, 1990].

In a recent study, H irth et al. [1998] modeled the depth to the brittle-plastic 

transition in the oceanic crust using the dry diabase flow laws of Mackwell et al. [1994].

Their results indicate that the strength of the lower oceanic crust is considerably greater than 

previously determined using “wet” diabase flow laws [see discussion in Hirth et oL, 1998]. 

Application of a more recent flow law for dry diabase \MadewelletaLt 1998] results in a 

further increase in strength for the lower crust. The greater strength of the lower oceanic 

crust, predicted from dry diabase experiments, allows deformation by brittle failure to occur 

at higher temperatures than expected in weaker crust models based on “wet” diabase flow 

laws {Hirth et oL, 1998]. This is consistent with the high temperatures associated with the 

development of microfractures in Tonga (present study), Hess Deep, and Oman {Mozninget 
aL, in press]. Temperatures recorded from gabbros iu the Tonga suite, however, are slightly 

higher than those reported in the literature [e.g., GilUs and Roberts, 1999; ManningetaL, 1996] 

and fall in the ductile regime predicted by Hirth et al. [1998], regardless of which diabase 

flow law is used. Temperatures of initial fracturing in the Oman ophiolite show an increasing 

trend with depth and approach those observed in Tonga (829°C ± 38) in the lower gabbros 

near the crust-mande boundary {ManningetaL, in press]. Although it is possible that the 

samples with the highest temperatures come from the base of the plutonic sequence, these 

samples are not restricted to one lithology (e.g., olivine gabbro). I  believe that theological 

variations with depth such as changes in modal mineralogy, increasing extent of hydrolytic 

weakening, increasing strain rate, or high pore fluid pressures [such as magmatic volatile
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buildup, GiEis and Roberts, 1999] more likely resulted in the observed high temperatures of 
rnicrofracturing.

The presence or absence of melt beneath M O Rs has important implications for 

hydrothermal systems. Geophysical studies have shown that magma supply at mid-ocean 

ridges is spreading rate dependent and that magmatism is ephemeral at slow spreading ridges 

[e.g., Sintori and Detrick, 1992]. Models of high-temp>erature hydrothermal circulation in the 

lower oceanic crust formed at slow-spreading ridges suggest that the initial penetration of 

hydrothermal fluids occurs penecontemporaneously w ith the onset of ductile shearing at 

temperatures near 750°C Dick et oL, 1991; GillisetaL, 1932>",Mevdand

Cannat, 1991; Stakesetal., 1991]. In contrast, geophysical investigations of fast-spreading 

ridges indicate that melt lenses can exist for extended periods o f time [e.g., SintonandDetrick,
1992]. Lower crustal rocks formed at fast-spreading M O Rs show no evidence of sub-solidus 

ductile deformation and initial metamorphism occurs at temperatures as high as 750°C 

\_MacLeodetaL, 1996]. These differences in initial fracture propagation indicate that the 

presence or absence of ductile deformation in gabbroic rocks is related to the rate of magma 

supply. This suggests that the mechanism of crustal construction in the Tonga forearc likely 

involved a magpia-rich environment, similar to that o f a fast-spreading ridge, although the 

geometry of crustal construction in forearcs is still poorly understood.

Co n c l u sio n s

The extensive suite of hydrothermaUy altered rocks dredged from the Tonga forearc are a 

unique coUection and provide an opportunity to study the metamorphic evolution of ocean 

crust formed in a modem SSZ setting. Basalt, plagiogranite, and gabbro samples record a 

complex history of hydrothermal alteration resulting from interaction with seawater and 

possibly m ^m atic  fluids. The initial penetration of seawater into the lower crust occurred 

along grain boundaries and microscopic fractures at temperatures >  800°C. As the plutonic 

sequence cooled, increased fracturing led to the pervasive replacement of clinopyroxene by 

amphibole and later chlorite. Late fractures and zones of cataclastic deformation that 

crosscut all o ther features may have occurred long after initial emplacement of the crust in 

the forearc and could be related to  faulting associated w ith trench roUback. These high 

temperatures m ay be related to distinctive tectonic and magmatic conditions during crustal
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construction in forearcs. However, initiation of high temperature brittle defonnation in the 

absence o f ductile deformation suggests the Tonga forearc crust was constructed in  a 

magma-rich environment, similar to  fast-spreading mid-ocean ridges.

H igh temperature alteration in basalts is consistent with that observed in the basal 

sheeted dike sections of SSZ ophiolites and some MORs. Alteration in the gabbros is also 

similar to both  SSZ ophiolites and M ORs. However, the degree of alteration in basalts and 

the presence of epidosites in the Tonga collection are most similar to alteration 

characteristics in SSZ ophiolites.
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C h a p  t e r  4

E P ID O S IT E S

Epidosites are characterized by metasomatic replacement of primary igneous minerals by 

granoblastic assemblages of quartz + epidote ±  chlorite ±  actinolite ± ilmenite ±  magnetite 

±  sulfides. Field and petrological data su rest that they form in upflow zones at the base of 

ore-forming hydrothermal systems \Bemsan-Varga etoL, 1992; NM igetaL, 1994; Richardsonet 
cd., 1987; SdriffmanetaL, 1987]. As a result, identification of epidosites can be a useful 

exploration tool for the location of massive sulfide deposits.

Epidosites are well documented in suprasubduction zone (SS2  ̂ophiolites \GiUisand 

Banerjee, in press] yet they are conspicuously rare in rock collections from modem oceanic 

settings, having only been reported from two mid-ocean ridge locations \_Fox etoL, 1976; 

QuonandEhlers, 1963]. The sample reported by  Fox et al. [1976] is not a true epidosite and is 

simply a rock with abundant epidote fracture fill. Whether this is also true for the sample 

reported by  Quon and Ehlers [1963] is unknown, because the sample cannot be located.

This chapter reports the discovery of epidosites from the Tonga forearc that 

represent the first documented suite recovered from  a modem oceanic setting. Petrological, 

mineralogical, and geochemical data are used to  demonstrate that the metamorphic 

conditions necessary for their formation were similar to conditions inferred for SSZ 

ophioHte-hosted epidosites. As a result, forearcs may represent a modem analogue for the 

tectonic setting in which SSZ ophiolites formed.

E p id o s it e  T y pes

Epidosites in ophiolites typically occur within basaltic sheeted dikes (type A) and 

plagiogranites (type B; including tonalité, trondhjemite, and quartz diorke). Within sheeted 

dike complexes, epidosites either form as patches in single dikes or dike outcrops [e.g., 

Semail, NehligetaL, 1994] or compose large zones up to hundreds of meters wide, parallel to 

the axis o f spreading [e.g., Troodos, RidxtrdsonetaL, 1987; SchiffinanetaL, 1987].
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Plagiogranite-hosted epidosites occur as irregular patches (centimeters to meters wide) in  the  

Troodos \CcmmccndCann, 1988; MÇEÜeyetaL, X^ l̂'̂ Bichccrdsonetcd.., 1987] and Samail \Stakes 

ondTaylar, 1992], ophiolites.

Sam ple D e s c r ip t io n s  a n d  Pe t r o g r a p h y

Epidosites

Five epidosites and ten samples displaying various stages of epidotization were recovered 

from five dredges between 20° aad  14°S (Figure 4.1). Both types of epidosites reported 

from ophiolites are present in the Tonga collection. Type A  epidosites from basaltic 

protoliths are fine grained and contain vesicles filled with quartz + epidote ± chlorite. Type 

B epidosites from plagiogranite pirotoKths are fine to medium grained and either completely 

replace the plagiogranite (sample 96-1-14) or are developed in brittle shears (samples 102-4-1 

and 113-1-26). All of the Tongan. epidosites have a distinctive pistachio green color and are 

characterized by the replacement o f  igneous minerals and textures (Figure 42A) by 

granoblastic assemblages of quartz + epidote ± chlorite (Figure 4.2B). Accessory minerals 

include acicular amphibole, titanito, apatite, ilmenite, and magnetite.

Epidosites contain only secondary minerals that have replaced either primary 

minerals o r filled voids. For example, clear, euhedral to prismatic grains of epidote and 

quartz appear to have grown in pore  spaces. Turbid, fluid inclusion-rich, anhedral grains are 

typical of groundmass replacemerrt. Chlorite replaces groundmass plagioclase and 

clinopyroxene, and fills interstitial spaces between quartz and epidote grains, suggesting 

growth after quartz and epidote. TThe modal abundance of epidote generally increases as 

chlorite decreases (Table 4.1). Hmcnite and magnetite show skeletal textures and are 

commonly partially replaced by titanite. Amphibole and apatite, where present, occur as fine 

needles in quartz and chlorite. Tlmese textures and assemblies are similar to those found in 

epidosites described from the Troodos \RidxtrdsanetcL, 1987; SdoffinaneoTdSrràào  ̂1988], 

Josephine \H arperetd., 1988], and Semail \NéoligetaL, 1994] ophiolites.
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Figure 4.1 Bathymetric map showing locations o f  dredge sites (stars) along Tonga forearc. 
Contour labels are given in kilometers. Black stars indicate dredges from which epidosites 
were recovered. Locations o f  Ocean Drilling Program Sites 840 and 841 are also shown. 
Modified from Shipboard Scientific Party [1992].
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Figure 4.2 Photomicrographs o f  epidotized samples from Tonga forearc. A) Partially 
epidotized basalt with cloudy plagioclase (Plag) laths, clear interstitial quartz (Qtz), darker 
acicular amphibole (Amph), and magnetite-ilmenite. Diabase texture is preserved (sample 
108-3-15). B) Epidosite with epidote (Ep), clear and turbid quartz (Qtz), chlorite (Chi), and 
magnetite-ilmenite. N ote absence o f  igneous texture (sample 108-3-16). Field o f  view is 
1.5mm for both photos.
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Table 4.1 Epidosite Modal Mineralogy
S am p le Protollth Epidote Quartz Chlorite Plagioclase O paques +  

Titanite
96-1 -1 4 Plaglogranlte 33 47 11 6 3
99-2-8 D iabase 58 27 8 0 7
102-4-1 Plaglogranlte 28 41 2 28 1
108-3-16 D iabase 49 25 19 2 5
113-1-26 Plaglogranlte 46 49 3 0 2

N otes: Modal data determined by counting 1200-1600  points per 
sam p le. P lagioclase In all sam p les Is relict, and Is alm ost pure albite. 
P lag ioclase In sam ple 102-4-1 Is mostly In the host rock of a  shear  
h osted  ep idosite. Values In percent._________________________________
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Protoliths

Because outcrop relations are lacking, protoliths were determined by comparison with the 

least altered samples from the same dredge. The protoliths can be divided into two groups 

on the basis of texture and modal abundance of mafic minerals. Basaltic protoliths contain 

50% mafic minerals whereas plagiogranite protoliths contain <  10%. Basaltic protoliths are 

greenish-gray, fine-grained rocks that have diabasic intergranular textures (Figure 4.2A). 

Primary plagioclase is replaced by albite ±  epidote ± chlorite, and primary clinopyroxene is 

replaced by hornblende ± actinolite ± chlorite. Groundmass assemblages include chlorite, 

epidote, quartz, magnetite, ilmenite, titanite, and pyrite. Vesicles containing quartz + epidote 

±  chlorite are common. Based on these textures and mineral assemblages, we believe that 

these rocks are analogous to those fi-om the sheeted dike complexes of ophiolites, rather 

than the volcanic section. Indeed, sheeted dikes which host epidosites in SSZ ophiolites are 

altered to greenschist facies mineral assemblages [GUlisandBimerjee, in press]. The 

plagiogranite protoliths are buff to tan, fine- to medium-grained rocks with subhedral 

granular and intergranular textures. Quartz and plagioclase make up more than 90% of the 

rocks and commonly exhibit graphic intergrowth. Minor amounts of amphibole, chlorite, 
epidote, magnetite, ihnenite, titanite, apatite, and pyrite are also present.

GEOCHEMISTRY

M in e r a l  C h e m is t r y

Epidote pistacite (Ps) contents range from Psn to Ps33 with an average composition of Ps2s 

(Table 4.2). Zoned grains with Fe-rich cores and Al-rich rims are common. Chlorite is 

present in four epidosite samples and has Mg#s from 36 to  81 (Table 42). Minor, albitic 

plagioclase is present in three of the epidosite samples. M inor amphibole is present in only 

one epidosite (sample 108-3-16). Epidote, chlorite, amphibole and plagioclase from Tongan 

epidosites (Table 4.3) have a similar range in composition to  ophiolite-hosted epidosites 

\NehligetaL, 1994; SchiÿmanandSmidj, 1988].
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Table 4.2 Mineralogical, Oxygen Isotope and Fluid Inclusion Data from Tongan Epidosites

Sample Protollth Epidote Chlorite 5̂ ®0® Mean T^*

Number Ps* Mg#^ Whole-rock Epidote Quartz (°C)
96-1-14 Plagiogranite 19-33(6) 36-41 (8) 6.8 -0.8 6.0 326 (19)
99-2-8 Diabase 18-33(24) NP 2.7 ND ND 289 (25)
102-4-1 Plagiogranite 13-29 (17) 69-81 (8) 8.5 0.4 7.7 326 (43)
108-3-16 Diabase 20-30 (14) 55-65 (9) 4.7 ND ND 296 (22)
113-1-26 Plagiogranite 18-26(10) 67-68 (2) 4.8 (E): 7.2 (F)*• ND ND 314(18)

Notes: Minerai analyses were performed on a  Camebax SX50 microprobe at Oregon 
State University and a  JEOL JXA-8900R microprobe at the University of Alberta with the 
sam e operating conditions. Oxygen isotope values were determined using the BrFs method 
of Clayton and Mayeda (1963), a t the University of Alberta, except that reaction temperatures 
were between 600 and 650°C. Numbers in parentheses indicate the number of analyses. 
Abbreviations: NP = not present: ND = not determined.

•Octahedral (F e ^ /  F e ^  + Al'") x 100.
^(Mg /  Mg + Fe) x 100.
^Values are reported in %o relative to the SMOW standard.
*Th = homogenization temperature.
*E = epidotized: F = fresh.



Table 4.3 Representative Mineral Analyses
Sample
Analysis
Mineral

96-1-14
83

chlorite

102-4-1
D2

chlorite

108-3-16
03

chlorite

113-1-26
Al

chlorite

96-1-14
85

epidote

99-2-8
B4

epidote

102-4-1
D4

epidote

108-3-16
A4

epidote

113-1-26 
Al 

epidote i

108-3-16 108-3-16 108-3-16 108-3-16 
A2 A5 D6  D7 

amphibole amphibole amphibole amphibole

SIO2 25.58 28.60 29.79 29.92 38.09 37.91 37.32 37.41 38.26 51.07 50.51 51.07 51.99
TIO2 0.14 BD BD 0.04 0 . 2 2 0.16 0.09 0.09 0.04 0.72 0.63 0.97 0.62
AI2 O3 19,96 2 0 . 6 6 17.75 16.31 24.82 26.28 23.12 25.50 26.83 3.36 3.37 3.20 2.35
Cr2 0 g — BD BD — 0 . 0 1 BD 0 . 0 1 0 . 0 2 0.04 BD BD BD 0 . 0 1

FeO* 31.70 14.74 2 0 . 0 0 18.64 — — — — — 18.11 20.08 17.15 16.86
Fe2 0 a' ------ ------ ------ — 1 2 . 0 0 10.99 14.37 11.65 9,43 — — ------ —
MnO 0.23 0 . 1 2 0.32 0.27 0.08 0.46 0.19 0 . 2 1 0.04 0.31 0.32 0.27 0.33
MgO 11.71 24.44 2 1 . 0 0 21.80 0.03 0.04 0.05 0 . 0 2 0.03 13.68 13.22 13.94 14.99
CaO 0 . 1 2 BD 0.07 0 . 1 1 23.68 22.99 23.14 23.22 23.88 9.25 8.70 9.68 8.24
Na2 0 0.03 BD 0 . 0 1 BD 0 . 0 1 BD 0 . 0 1 0 . 0 2 BD 1.14 1.17 1.57 2.39
K2 O — 0 . 0 2 0 . 0 1 — 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 BD 0.28 0.27 0.34 0.36
0 1 0.03 0 . 0 2 BD 0.03 BD BD 0 . 0 1 BD BD 0.15 0 . 2 2 0.06 0.07
F 0.05 0.19 BD 0.08 0.04 BD 0 . 0 2 BD BD 0.16 0.13 0.48 1.24

Total 89.55 88.79 88.95 87.20 98.98 98.83 98.32 98.15 98.54 98.12 98.50 98.51 98.90
Si 5.47 5.62 5.99 6 . 1 1 2,99 2.96 2.97 2.95 2.98 7.56 7.50 7.56 7.74
A r 2.53 2.39 2 . 0 2 1.89 0 . 0 1 0.04 0.03 0.05 0 . 0 2 0.44 0.50 0.44 0.26
Al"' 2.49 2.39 2.19 2.03 2,28 2.38 2.15 2.33 2.45 0.15 0.09 0 . 1 2 0.15
Or — 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

TI 0 . 0 2 0 . 0 0 0 . 0 0 0 , 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 1 0 . 0 0 0.08 0,07 0 . 1 1 0.07
Mg 3.73 7.15 6.29 6.63 0 . 0 0 0 . 0 0 0 . 0 1 0 . 0 0 0 . 0 0 3.02 2.93 3.08 3.33
Fe^" 5.67 2.42 3.36 3.18 — — — — “ 2.24 2.49 2 . 1 2 2 . 1 0

Fê * — — — — 0.71 0.65 0 . 8 6 0.69 0.55 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0

Mn 0.04 0 . 0 2 0.05 0.05 0 . 0 1 0.03 0 . 0 1 0 . 0 1 0 . 0 0 0.04 0.04 0.03 0.04
Ca 0.03 0 . 0 0 0 . 0 2 0 . 0 2 1.99 1.92 1.98 1.96 1.99 1.47 1.38 1.54 1.31
Na 0 . 0 1 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0.33 0.34 0.45 0.69
K — 0 . 0 1 0 . 0 0 —— 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0.05 0.05 0.06 0.07
Cl 0 . 0 2 0 . 0 1 0 . 0 0 0 . 0 2 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0.04 0.06 0 . 0 2 0 . 0 2

F 0.07 0.24 0 . 0 0 0 . 1 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 0.08 0.06 0.23 0.58
Total Cations 2 0 . 0 0 19.99 19.91 19.92 8 . 0 1 8 . 0 0 8 . 0 1 8 . 0 1 8 . 0 1 15.38 15.39 15.52 15.76
0 28 28 28 28 12.5 12.5 12.5 12.5 12.5 23 23 23 23

Notes; BD = below detection; — = not determined. Amptilbole analyses recalculated using ttie 15 NK method outlined In Robinson [1982] In order to satisfy 
crystal chemical limits. "Total Iron calculated as ferrous Iron. #Total Iron calculated as ferric Iron. ON
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Cu and Zn Contents

Ophiolite-hosteci epidosites {HarperetaL, 1988; NehligetaL, V)9A',RidoardsonetaL, 1987; 

SchiffmanandSrrâà), 1988] have markedly lower Cu abundances, and generally lower Zn 

contents, than their protoliths, which have been hydrothermally altered (Table 4.4; Figure 

4.3). Tonga forearc epidosites have similarly low Cu and Zn concentrations; however, Zn 

values from type A epidosites are slightly higher than those of type B (Figure 4.3).

O xygen Isotopes

Type A  Tongan epidosites have whole-rock values of 2.7%o and 4.7%o (Table 4.2),

which agree well with type A epidosites from the Troodos and Josephine ophiolites, which 

range from 2.8%o to 5.0%o [although values as high as 7.8%o have been reported from 

Troodos, SdoiffhumetciL, 1987]. Type B Tongan epidosites have s%htly higher whole-rock 

5 i8Q values, ranging from 4.8%o to 8.5%o (Table 4.2). Two analyses of sample 113-1-26 

from a relatively fresh portion and a completely epidotized section show that the fresh 

portion has a higher value (7.2%o) than the epidotized portion (4.8%o). The decrease in

is related to the higher modal epidote content of the epidotized portion resulting from 

high-temperature exchange at high water-reck ratios. This interpretation is consistent w ith 

observations from the Josephine [Hz?pergt<3Z, 1988] and Troodos 1987]
ophiolites.

Temperatures were calculated using the quartz-epidote oxygen isotope 

geothermometer of Matthews and Schliestedt [1984] and values from  quartz and 

epidote mineral separates. Samples 96-1-14 and 102-4-1 gave temperatures of 276°C and 

252°C, respectively. These temperatures are lower than those determined from fluid 

inclusions (see following and are believed to reflect continued fluid-rock oxygen isotope 

exchange at temperatures below peak metamorphic conditions. By combining the quartz 

data with mean fluid-inclusion homogenization temperatures, the 6^*0 values of the 

epidosite-forming fluids can be calculated {MatsuhisaetaL, 1979]. The fluids have 0^®0 

values of 0. l%o (96-1-14 ) and 1.7%o (102-4-1), which are close to those of fluids exiting at 

black smokers 1995]. These fluid isotope values correspond to  minimum
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Sample 96-1-14 102-4-1 108-3-16 113-1-26
SiOa 6 6 . 0 0 76.65 50.04 50.31
TiOg 0.70 0.28 1.38 0.37
AI2 O3 13.77 1 2 . 2 2 15.63 18.32
FeaOa* 7.19 1 . 1 2 10.98 9.05
MnO 0.05 0 . 0 1 0.14 0 . 1 0

MgO 1.28 0.62 6.71 1.16
CaO 4.65 1.82 8 . 8 6 17.68
Na^O 4.36 5.28 1.91 0 . 1 0

KaO 0 . 0 1 0.40 0 . 0 1 0 . 0 1

PaOs 0 . 2 0 0 . 0 2 0 . 1 1 0.05
LOI 1.61 1.17 4.01 2.74
Total 99.83 99.60 99.79 99.90

Sr 125 1 2 2 1 2 2 360
Y 47 2 2 25 1 2

Pb 2 2 2 4
Nb 1 2 1 1

V 13 24 321 400
Cr 1 3 36 1 1

Co 27 29 36 29
Zn 44 8 87 1 0

Cu 2 2 4 57
La 5 8 2 1

Ce 15 19 8 3
Nd 16 1 1 8 3
Sm 5 3 3 1

Eu 2 1 1 1

Tb 1 8 0 1 BD
Dy 8 3 4 2

Ho 2 1 1 BD
Er 5 2 3 1

Tm 1 BD BD BD
Yb 4 2 3 1

Lu 1 BD BD BD
Notes: Major-element data was collected by X-ray fluorescence 

spectrometry at Cominco Ltd. Exploration Research Laboratory. 
Trace-element data was collected by inductively coupled plasma 
mass spectrometry at the University of Victoria using an HF-HNO3  

technique, except for Cu and Zn, which were analysed by atomic 
absorption spectrometry at Cominco Ltd. Research Labratory using 
an HF-HCIO4  total decomposition technique. Major-element values 
are in wt%; trace-element values are in ppm. LOI = loss on ignition; 
BD = below detection.

Total iron calculated as ferric iron.
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Schiffman and Smith (1988) 
Richardson e t ai. (1987) 
Harper et al. (1988)
Nehlig et al. (1994)
Tonga (type A epidosite) 
Tonga (type B epidosite)

N  50

100 
Cu (ppm)
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Figure 4.3 Zn vs. Cu concentration for epidosites from Tonga and Troodos, Josephine, 
and Samail ophiolites. White field encloses analyses o f hydrothermally altered 
volcanic and dike rocks from ophiolite studies (listed in key). Diagonal hatched field 
enclosed typical values for plagiogranites from Kannoy ophiolite [Pedersen and 
M alpas, 1984]. Both fields incorporate >90% of published data.
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integrated water-rock ratios of 0.2 to 1.2, assuming a -l%o shift in the rock value and an 
original seawater value of 0%o.

F l u id  In cx usion s

Fluid inclusions hosted in quartz and epidote was studied in order to characterize the 

composition, temperature, and origin of hydrothermal fluids that formed the epidosites. 

Three types of inclusions have been identified based on the num ber and ratio of phases 

present at room temperature (Table 4.5). Type 1 low-salinity, liquid-dominated inclusions 
that homogenize to the liquid phase are the most abundant and are found in both quartz and 

epidote in all epidosites. Type 2 low-sahnity, vapor-dominated inclusions hosted in quartz 

contain a vapor to liquid ratio > 50%. Type 2a inclusions homogenize to the liquid and type 

2b inclusions homogenize to the vapor or display critical behavior. Type 2 inclusions are 

rare but are observed in all samples. Type 3 high-saliniiy, liquid-dominated inclusions hosted 

in quartz contain one (or more) cubic daug)iter mineral that is probably halite. Type 3a 

inclusions homogenize into the liquid phase by vapor bubble disappearance and type 3b 

inclusions homogenize to the liquid by halite dissolution. Type 3 inclusions are also rare and 

are observed in all samples except 99-2-8. Although type 2 and 3 inclusions are found in the 

same samples, it could not be determined if they are co-genetic due to the large number of 

inclusions. In addition, an accurate estimate of pressure cannot be made because of the lack 

o f stratigraphie control The range of fluid-inclusion homogenization temperatures and 

salinities in the Tonga epidosites are similar to those described from the Troodos \Gjwanand 

Cam , 1988; RidmdsonetaL, 1987; SdoiffirianandSrmh, 1988] and Semail \NehligetaL, 1994] 

ophiolites (Figure 4.4).

Fluid-inclusion data provide constraints on the possible sources of fluids responsible 

for epidotization. High-salinny (>  29 wt% NaCi) fluids m ay have formed by phase 

separation of seawater or magmaticaUy derived fluids at supercritical conditions. This 

requires that the brines were physically separated from co-genetic, low-salinity vapors prior 

to their entrapment [e.g,, KÆeyetaL, 1992]. An alternative mechanism is that brines were 

exsolved directly from late-stage, evolved melts in the absence of a vapor phase \Oxneand
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Figure 4.4 Temperatures o f vapor bubble disappearance and NaCl equivalent fluid 
salinités for type 1, 2, and 3 fluid inclusions. Most type 1 and 2 inclusions have 
salinities that span range oberved at black smokers [diagonal hatch; Von Damm, 
1995], although some have salinities >22 wt%. Type 3 inclusions have salinities >29 
wt%. Type 3b inclusions plot above three phase curve (L + V + H). Arrows indicate 
that salinity values are minimum estimates (see Table 4.5). Rectangular fields 
enclose data from studies listed in key. Microthermometric data were collected 
using Fliud Inc. adapted U.S. Geological Survey heating-freezing stage following 
procedures outlined in Roedder [1984]. Inclusion salinities were calculated using 
MacFinCor software package [Brown and Haegemann, 1995] and equations o f 
Brown and Lamb [1989] for H20-NaCl-(KCl) system.
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Table 4 .5  Fluid-inclusion Homogenization Temperatures and  
Salinities from Tongan Epidosites

Inclusion n 7‘h('’C)t Salinity (wt% NaCI)
type* Min. Max. Ave. Min. Max. A ve.

1 (All data) 95 160 391 2 9 7 1.0 2 2 .3 5 .6
1 (Quartz) 7 7 160 391 299 1.0 2 2 .3 6 .0
1 (Epidote) 18 245 385 2 8 7 3.8 5 .0 4.1
2 a 14 305 4 04 3 4 7 0.8 7 .4 3 .5
2b® 4 380 415 3 98 0.3 4 .4 3 .4
3a 8 184 300 2 7 4 29.1 3 3 .9 30 .8
3b 6 275 >500* 4 3 7 36.3 >59.8* 5 2 .7

All data 127 160 >500* 31 6 1.0 >59.8* 10 .3
Notes: Abbreviations: Min. =  minimum; Max. = maximum;

Ave. =  average.
'S e e  text for explanation.
^Th =  hom ogenization temperature.

® Homogenization temperatures represent minimum va lues d u e to 
difficulties in observing p h ase transitions.

'Three inclusions w ere still unhom ogenized at 500 °C, therefore, 
salinity values are minimum estim ates. S e e  a lso  Figure 4 .4 ._________
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Bodnar, 1991]. At low pressures (<  2 kbar), fluids with salinities up to  80 to 90 wt% may be 

exsolved from highly evolved, water-rich magmas \OineandBodnar, 1991]. This is consistent 

w ith the lack of co-genetic vapor-rich inclusions and the presence o f plagiogranites in the 

Tongan collection. Indeed, Kelley et al. [1992] proposed that magmatic brines caused 

localized epidotization of plagiogranites in the Troodos ophiolite. Low-salinity inclusions 

span the range of fluids exiting active hydrothermal vents (1-7 wt%  NaCI) and likely formed 

from  evolved seawater figure 4.4). Several fluid inclusions from  the Tongan epidosites plot 

between the low- and high-salinity fields (Figure 4.4) and probably represent mixing of fluids 
prior to trapping.

CONCLUSONS

Petrologically, type A and type B Tongan epidosites are equivalent to  epidosites hosted in 

basaltic sheeted dikes and plagiogranites, respectively, from SSZ ophiolites. Key 

characteristics of the Tongan epidosites include a reduction of phases present, loss of metals, 

and a decrease in values. These characteristics point tow ard their formation in upflow 

zones beneath ancient hydrothermal systems. Fluid-inclusion data show that the Tongan 

epidosites interacted with seawater-derived and possibly m agm atic  fluids at high 

temperatures (250 to >400°Q. Moreover, calculated 5^*0 values o f the fluids in equilibrium 

w ith these epidosites are similar to black-smoker fluids {VonDeanm, 1995].

It is striking that the first suite of epidosites from a m odem  oceanic setting was 

recovered from a forearc setting and apparently formed under similar conditions to 

epidosites from SSZ ophiolites. Recent studies of the volcanic sequences from the 

Izu-Bonin and Tonga forearcs have shown that the degree of alteration in forearcs is more 

extensive and occurs at higher water-rock ratios than at mid-ocean ridges, and is comparable 

to  that observed in SSZ ophiolites \A ltetcd., 199^;IQlmanetaL, 1998]. Theoretical studies 

suggest that epidosites should exist at mid-ocean ridges [Rose, 1995; Segfried etoL, 1988]. 

Explanations for the lack of epidosites in mid-ocean ridge collections include: (1) they do 

n o t exist, (2) they are rare or small, o r (3) t h ^  have not been recovered due to sampling 

biases. W ith ever-increasing sampling in the oceans, we believe tha t sampling bias is 

unlikely. The presence of epidosites in the Tonga forearc and SSZ ophiolites, their striking
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similarities, and their absence in mid-ocean ri(%e collections lead us to conclude that tectonic 

setting is an important factor in controlling hydrothermal processes.



70
C h a p t e r  5

EPIDOTE TRACE ELEMENT CHEMISTRY

Epidote is an im portant rock-forming mineral that exhibits diverse chemistry and varied 

paragenesis and one of several minerals that make up the epidote group \_Deeretal., 1992]. It 

is a common constituent in felsic plutonic and volcanic rocks, greenschist and amphibolite 

facies regionally metamorphosed rocks, and in continental geothermal and oceanic 

hydrothermal systems. Epidote is not abundant in the oceanic crust as a whole but occurs 

sporadically in sheeted dike complexes, plutonic sequences (especially felsic Ethologies), and 

in stockwork and upflow zones affected by high-temperature hydrothermal fluids. Epidote 

is stable at high pressures in eclogites \_EncamandBcamo, 1999], and may be important as a 

carrier of water and trace elements into the earth’s mande at subduction zones [e.g., FStkmott 
eted^ 1992; Tribuzio etoL, 1996]. A  great deal is know n about the crystal structure and major 

element crystal chemistry of epidote; however, relatively litde is known about its trace- 

element composition.

In oceanic crustal rocks, epidote is almost exclusively a secondary mineral that forms 

from interactions with high-temperature hydrothermal fluids. Its crystal structure allows for 

the favorable substitution of trace elements, such as the rare earth elements (REEs), into the 

relatively large A  sites normally occupied by Ca [e.g., Boruzzzi and Mendxtd, 1995; Deer &. d ., 

1992; Dollase, 1971] resulting in commonly elevated REE and trace element concentrations 

[Gznawgw et d ., 1997; Sakai et d ., 1984; Yaneuetal., 1998].

This chapter documents the trace element chemistry of epidote, determined by laser 

ablation inductively coupled plasma mass spectrometry (LA-ICP-MS), in samples from the 

Tonga forearc and Troodos ophiolite. These samples come from rare zones of extreme 

metasomatism called epidosites, which have been described in suprasubduction zone (SSZ) 

ophiolites [Betdsm-VargaetaL, 1992; NdoligetaL, 1994; Richardson et aL̂  1987; SchiffinanetaL^

1987] and m odem  forearc crust \_Banerjeeetd, 2000]. Epidosites are characterized by the 

replacement of prim ary igneous minerals by secondary granoblastic assemblages of quartz + 

epidote ± chlorite ±  actinolite ± ilmenite ± magnetite ±  sulphides. Field and petrological 

data from SSZ ophiolites s u re s t  that epidosites form  in upflow zones at the base of ore-
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forming hydrothermal systems \Betdson- Varga etoL, 1992; NéUg a  d.^ 1994; Ridjordson e td ., 
1987; Sdnffhum etd., 1987].

Epidosites from SSZ ophiolites \_Betxison-Va7gaetd., 1992; NehligetaL y 1994; 

RichardsonetoLy 1987; SchÿmanetaLy 1987] and modem forearc crust [_BanerjeeetaLy 2000] 

typically replace basaltic sheeted dikes and pl^ogranite (tonalité, trondhjemite, and quartz 

diorite) bodies. Within the sheeted dike complexes of SSZ ophiolites, epidosites either form  

as patches in single dikes or dike outcrops [e.g., Sem aily NéoligetoL, 1994], or comprise large 

zones up to  hundreds of meters wide, parallel to the axis of spreading [e.g., Troodos, 

Richardson et oL, 1987]. Plagiogranite-hosted epidosites occur as irregular patches 

(centimeters to meters wide) o r are developed in shear zones in the Troodos [I^IeyetaL ,

1992; Richardson etaL y 1987] and Samail [Stakes and Tc^ofy 1992] ophiolites.

I have chosen to study epidote from  epidosites to investigate the chemistry of high 

temperature fluids deep within seafloor hydrothermal systems. I  demonstrate that crystal 

chemistry is not the dominant control on  the incorporation of trace elements in 

hydrothermal epidote and that epidote composition can be used as a proxy to deduce the 

fluid composition. I show that epidote trace element chemistry can be linked to its 

pétrographie characteristics and that epidote with different modes of occurrence likely 

formed from  different fluids as a hydrotherm al system evolves.

Sa m p l e  D e sc r iptio n s

Four Tonga epidosite samples were selected for trace element analyses. Basaltic epidosites 

formed from  metasomatic replacement o f  primary phases in basaltic protoliths (samples 99- 

2-8 and 108-3-16); epidotization within plagiogranite protoliths either completely replaces 

primary phases (sample 96-1-14) o r is localized in brittle shears (sample 102-4-1) [Baneyjee 

aL y 2000]. Three epidosite samples were collected from the Troodos ophiolite for 

comparison with the Tonga epidosites. T he Troodos ophiolite formed in a SSZ settir^ 

similar to  that of the Tonga forearc [MiyaddrOy 1973; PearœetaLy 1984]. The Troodos 

samples come from the western Solea graben near the village o f Yerakies where epidosites 

exposed over hundreds of meters in the sheeted dikes have been extensively studied [e.g., 

Bettison-Varga et aL, 1992; Sdnffinan and SrrndOy 1988].
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Careful pétrographie examination of the epidosites from both Tonga and Troodos 

has identified two general modes of occurrence for epidote: clear, euhedral to prismatic 

grains that have grown in pore spaces Çiereafter referred to  as void filling and turbid, fluid 

inclusion-rich, anhedral grains typical of replacement of primary groundmass phases 

hereafter referred to as replacive) (Figure 5.1). These textures are not always easily 

discernable and intermediate textures are common; however, grains that fit these criteria as 

closely as possible were selected for chemical analysis. Similar textures have also been 

described in epidosites from the Troodos \J. Conn, pers. com., 2000], Josephine \Harper d:aL,
1988] and Semail [NdjligetaL, 1994] ophiolites.

An a ly tica l  M e t h o d s

Polished thick sections (~  100 pm) were prepared from the epidosite samples for analysis of 

major and trace elements. Individual epidote grains that are representative of replacive and 

void-filling textures were identified by normal pétrographie observation under transmitted 

light. Digital backscattered electron images of the selected epidote grains were then taken in 

conjunction with major element compositions using a JEOL JXA-8900R electron 

microprobe at the University of Alberta, histrument calibration was performed on natural 

standards and ZAP corrections were applied to all analyses. Individual mineral analyses 

were performed using an accelerating voltage of 15 kV  and beam current of 20 nA

A  subset of the same epidote grains was analyzed for 22 trace elements at the 

University of Victoria by LA-ICP-MS. The Merchantek™ NcL-YAG EO  UV laser output is 

frequency quadrupled to 266 nm and is operated in a gated Q-switched mode for optimum 

stability. The pulse rate was set at 5 Hz and the laser aperture (spot size) was set at 50%.

The power setting was set at 40% which results in a power output o f ~  70± 10 mj. The pits 

produced were cylindrical with sharp edges that ranged from 50 to  75 pm  in diameter 

(Figure 5.1). The ablated material was transported in a flow of argon to a high sensitivity 

VG™ P Q  n  S ICP-MS. Data were acquired in peak-jumping mode over a period of 120 

seconds. Background levels of all elements were determined by collecting a 60s gas blank 

after which the laser was fired and data were acquired for the remaining 60s. Sample
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Figure 5.1 Photomicrographs and backscattered electron (BSE) images of replacive (A and 
B) and void filling (C and D) epidote from basaltic sample 99-2-8. White dotted line in 
photomicrographs (A and C) approximates area shown in BSE images (B and D). Black 
circles on BSE images approximate location of laser ablation pits seen in photomicrographs. 
Stars indicate location of microprobe analyses. Qtz=quartz; Ep=epidote.
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concentrations were calibrated against duplicate analyses of National Institute of Standards 

and Technology 613 synthetic silicate standard reference material (SRN^ at the

beginning and end of each run. Ca from microprobe analyses was used as an internal 

standard. A  glass standard, prepared from the United States Geological Survey reference 

material BCR-2 (basalt) according to  the method outlined in Chen [1999], was also analyzed 

at the beginning of each run. Relative standard deviations (RSD), calculated from  BCR-2 

glass repetitions, are less than 8% for all elements. Accuracy expressed as the relative 

difference between LA-ICP-MS analyses and accepted literature values is better than 5% for 

all elements except Ce, Y, Zr, and Hf, which are better than 10%. Ce, Y, and Z r showed 

consistently low values and H f  showed consistently high values during analysis. For this 

reason slight negative and positive anomalies, respectively, in these elements are analytical 

rather than natural. Typical LA operating conditions are listed in Table 5.1. In  most cases 

microprobe and laser analyses were taken at the same spot within individual grains QFigure
5.1).

W hole rock trace element analyses of the epidosite samples were collected by 

solution ICP-MS at the University of Victoria. Epidosite samples were digested using a 

modified sodium-peroxide sinter technique \Lon^ri£hetaL, 1990], in which 0.5 m l of 30% 

H2O2 was added before final dilution with water to 90g to  aid in the dissolution of the sinter 

cake. Plagiogranite analyses were performed on samples digested using an HF-HNO 3 

technique [fermeretd ., 1990].

Results

Major and M inor Element Compositions

Epidote pistacite contents (Ps; F e ^ /F e ^  range from  Psn to Psm with an average 

composition of Ps2s. Pistacite contents in individual grains vary by <  0.15 and zoned grains 

with Fe-rich cores and Al-rich rims are common. F e ^  varies systematically w ith  ^ A l (Figure

5.2). There is no systematic variation in Ps with mode o f occurrence. CaO contents form a 

small range from  22.28 wt% to 23.88 wt% (ave. 23.24 wt%). MnO contents range from 0 to 

0.76 wt% (ave. 0.16 wt%); TiOz contents have a similar range (0 to 0.70 wt%; ave. 0.14 

wt%). Halogen contents are generally low (F < 0.05 w t%  and Cl <  0.03 wt%) and CrzOs
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Table 5.1 LA-ICP-MS Operating Conditions [modified from Chen, 1999].

LASER

Type
Mode
Flash Lamp Frequency 
Laser Output Frequency 
Spot Size
Laser Output Power

UV 266nm frequency quadrupled Nd:YAG
Q-Switched
20 Hz
5H z
5
70 ±  10 mJ

ICP-MS

Plasma

Plasma Gas 
RF Power

Argon
1.53 kW forward, <5 W  reflection

Gas Flow

Plasma Gas Flow Rate 
Auxiliary Gas Flow Rate 
Inner Gas Flow Rate

-I14 L min 
0.94 L min 
~1.20 L min

-I

Interface

Sampling Distance 
Sampling Aperture 
Skimmer Aperture

16 mm
Ni, 1.0 mm diameter 
Ni, 0.7 mm diameter

Ion Lens Settings

Extraction Lens 
Collector Lens 
LI Lens 
L2 Lens 
L3 Lens 
L4 Lens 
Pole Bias

-320 V
-78.3 V
+0.44V
-24.55
+6.5
-42.85
-4.31 V

Acquisition Parameters

Ion Detection 
Scanning Mode 
Dwell Time 
Data Acquisition Time

pulse counting
peak jumping, 1 point/peak
10.24 ms
120 s (maximum)
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Figure 5.2 - Al'  ̂substitution in epidote. Compositions were calculated on the basis o f
12.5 anhydrous oxygens and assuming total Fe as Fe^O .̂



77

contents are negligible (<0.01 wt%). M y epidote analyses from Tonga and Troodos fall 

within the range determined from other studies of epidosites from the Troodos ophiolite 

[e.g., Schffinan and Srrâào, 1988] and other SSZ ophiolites [e,g., N M igetaL, 1994]. No 

systematic variations in major or minor element chemistry are observed for epidote from the 

Tonga or Troodos samples. Representative electron microprobe analyses are given in Table 
52.

Trace Element Com positions

Forty-nine LA-ICP-MS determinations o f  individual epidote grains were collected for the 

rare earth elements (REEs), Ba, Sr, Th, Z r, Hf, Y, and Ga, (Table 5.3). Epidote shows a 

wide range of trace element concentrations and variations within and between samples. The 

most abundant trace element is Sr (67-902 ppm). Epidote also contains 1.1-11 ppm Ba, 1-94 

ppm Zr, 3-166 ppm  Y, and 15-41 ppm Ga. Epidote has relatively low abundances of T h 

(<  1 ppm) and H f (<  3 ppm). Two analyses from plagiogranite-hosted epidosites (96-1-14 

and 102-4-1) from the Tonga forearc have extremely high trace element concentrations, 

■which fall outside of the range listed above.

Epidote is generally characterized by chondrite-normaHzed trace element values that 

are enriched by up to  100 times chondrite (Figure 5.3). A few analyses show chondrite- 

normalized Ba, Th, Zr, and H f values below one. Epidote has variable positive Sr anomalies 

(relative to P r and Nc^, minor negative Z r  and H f anomalies (relative to  N d  and Sm), and 

negative Ga anomalies (relative to Lu) on chondrite-normalized trace element plots. Trace 

element patterns of basalt and plagiogranite epidote are distinctive; epidote from basaltic 

protoliths from both Tonga and Troodos show similar patterns. "Hf and Z r show a good 

correlation, which mimics fresh rock values [T Falloon, pers. com., 2000; Bednarz. and 

Sdmâmke, 1994] (Figure 5.4).

Trace element fractionation in igneous systems is controlled by  CHARAC (CHaiçe- 

and-RAdius-ControUec^ behaviour whereas in aqueous solutions it is characterized by non- 

CHARAC behaviour because other controls dominate [Bau, 1996]. Examples of this 

behaviour include hydrothermal vein fluorite, hydrogenetic Fe-Mn crusts, and seawater, 

which plot outside the CHARAC field (Figure 5.5). Epidote plots for the most part in the 

CFIARAC field [Ssw, 1996], su^esting that their trace element compositions either are 

controlled by CHARAC behaviour or are inherited from a parent that displayed CHARAC



Table 5.2 Representative Epidote Microprobe Analyses

Sample 
Rock Type

Tonga Forearc Troodos Ophiolite
102-4-1

Plagiogranite
108-3-16

Basalt
96-1-14

Plagiogranite
99-2-8
Basalt

KG99004
Basalt

KG99005
Basalt

KG99006
Basalt

SlOa 37.27 37.72 37.51 37.65 38.05 37.88 37.51 37.64 37.30 37.63 37.19 37.80 37.08 37.14 37.51 37.75 38.03 37.08 37.94 38.14 37.49
TlOa 0.28 b.d. 0.26 0.09 0.10 0.01 0.07 0.08 0.37 0.11 0.40 0.04 0.07 0.09 0.11 0.10 0.05 0.30 0.12 0.02 0.20
AI2O3 23.24 25.86 23.84 24.92 26.37 23.28 24.15 24.07 23.00 24.61 20.96 25.41 24.51 22.84 26.94 25.88 27.30 22.44 24.54 27.20 25.77

F e A ' 13.99 10.81 13.00 11.21 9.82 13.68 12.98 12.70 14.49 12.03 16.27 11.36 12.53 14.47 9.06 11.06 8.88 14.44 12.75 9.12 11.26
CrgOg b.d. 0.04 0.04 0.01 0.01 b.d. b.d. b.d. b.d. 0.01 b.d. 0.01 b.d. 0.03 0.03 0.04 b.d. b.d. b.d. b.d. 0.02
MnO 0.06 0.21 0.12 0.14 0.10 0.07 0.01 0.01 0.04 0.16 0.06 0.16 0.27 0.16 0.26 0.33 0.17 0.17 0.30 0.04 0.70
MgO 0.07 0.07 0.03 0.05 0.04 0.03 0.02 b.d. 0.02 0.05 0.04 0.13 0.04 0.02 0.04 0.05 0.07 0.09 0.12 0.01 0.06
CaO 23.44 23.24 23.28 23.69 23.66 23.30 23.33 23.32 23.12 23.46 23.12 23.15 23.15 23.44 23.42 23.15 23.76 23.06 22.96 23.76 22.43
NagO b.d. 0.03 b.d. 0.03 0.01 0.01 b.d. 0.03 0.01 b.d. 0.02 b.d. b.d. 0.06 0.01 0.01 0.02 0.01 0.01 b.d. 0.02
KjO b.d. 0.04 0.01 0.04 0.02 0.02 0.02 0.03 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.03 0.03 0.01 b.d. b.d. 0.02
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 b.d. 0.03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl b.d. 0.02 b.d. 0.03 0.01 0.01 b.d. 0.01 b.d. 0.01 b.d. 0.02 b.d. 0.03 b.d. b.d. b.d. 0.01 0.03 b.d. 0.02
Total 98.36 98.03 98.08 97.85 98.19 98.30 98.08 97.93 98.37 98.12 98.08 98.09 97.67 98.29 97.39 98.39 98.30 97.61 98.77 98.30 97.98
SI 2.97 2.97 2.98 2.98 2.98 3.01 2.98 2.99 2.97 2.98 2.99 2.98 2.96 2.97 2.96 2.97 2.97 2.98 2.99 2.98 2.96
A r 0.04 0.03 0.02 0.02 0.02 0.00 0.02 0.01 0.03 0.02 0.01 0.02 0.05 0.03 0.04 0.03 0.03 0.02 0.02 0.02 0.04
A r 2.14 2.37 2.21 2.31 2.42 2.18 2.23 2.24 2.13 2.27 1.98 2.34 2.26 2.12 2.46 2.36 2.48 2.10 2.26 2.48 2.36
Tl 0.02 - 0.02 0.01 0.01 0.00 0.00 0.01 0.02 0.01 0.02 0.00 0.00 0.01 0.01 0.01 0.00 0.02 0.01 0.00 0.01
Cr - 0.00 0.00 0.00 0.00 - - - - 0.00 0.00 • 0.00 0.00 0.00 - - - - 0.00
Fe®" 0.84 0.64 0.78 0.67 0.58 0.82 0.77 0.76 0.87 0.72 0.98 0.67 0.75 0.87 0.54 0.65 0.52 0.87 0.75 0.54 0.67
Mn 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.01 0.02 0.01 0.02 0.02 0.01 0.01 0.02 0.00 0.05
Mg 0.01 0.01 0.00 0.01 0.00 0.00 0.00 - 0.00 0.01 0.01 0.02 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01
Ca 2.00 1.96 1.98 2.01 1,99 1.98 1.98 1.99 1.97 1.99 1.99 1.96 1.98 2.01 1.98 1.95 1.99 1.99 1.94 1.99 1.90
Na - 0.00 - 0.01 0.00 0.00 - 0.01 0.00 - 0.00 - - 0.01 0.00 0.00 0.00 0.00 0.00 - 0.00
K - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00
F - - - • - - - 0.02 - 0.02 - - - - - • - - - - -
Cl - 0.00 - 0.01 0.00 0.00 - 0.00 - 0.00 - 0.01 - 0.01 - - - 0.00 0.01 - 0.01
Ps 0.28 0.21 0.26 0.22 0.19 0.27 0.26 0.25 0.29 0.24 0.33 0.22 0.25 0.29 0.18 0.22 0.17 0.29 0.25 0.18 0.22

Note: Epidote analyses were recalculated on ttie liasis of 12.5 anfiydrous 0. All Fe as FegOg. b.d. = Iwlow detection.



Element
(ppm)

DL
(ppm)

96-1 -14 (Tonga - Plagiogranite) 99-2-8 (Tonga - Basalt)
void rep void void void rep rep void void trans void void rep rep

CaO(wt%) 22.89 23.33 23.16 22.86 23,10 23.35 23.35 23.16 23.41 22.81 22.81 23.05 23,15 23,15
Ba 0.6 1.2 2.2 b.d. b.d. 3,2 1.1 1.6 4.5 7,0 4,9 4.6 6.5 4,7 3,7
Th 0.02 0.32 3.59 0.73 0.04 0,02 0,19 0.27 b.d. b,d. 0,09 0.02 0.01 0,03 0,13
La 0.05 2.4 145.2 8.4 1.3 1,5 5,2 9.7 1.4 1,3 4,9 0.7 1.5 3,4 3,7
Ce 0.04 5.8 357.1 22.3 4.2 3.2 18,1 21.6 3.7 3,2 11,2 1.5 3,9 9,6 11,8
Pr 0.03 1.2 64,0 4.8 0.9 0.6 3,4 4,1 0,7 0,6 2,1 0.3 0,8 2,0 2,5
Sr 0.6 447 791 479 194 536 593 569 479 602 510 480 455 500 567
Nd 0.1 7.1 324.4 28.1 6.6 3.0 21,5 21.6 3,4 3,3 11,9 1,4 4,2 11,6 15.0
Zr 0.8 31.6 188.5 13.5 29.8 3.5 15.2 27.0 18,7 15,9 53,1 3,6 21,9 94,2 88,0
Hf 0.09 1.35 6,15 0.80 0.93 b.d. 0.92 1.10 0,34 0,29 1,33 0,06 0,50 1,89 2,83
Sm 0.3 2.5 75.1 12.6 3.9 1.2 8.5 6.4 1,0 1,1 3.7 0.5 1,5 4,6 6,3
Eu 0.08 3.0 24.8 15.5 2.5 2.6 4.6 4.1 2,5 2,1 3.5 1,4 4,5 1,9 1,9
Gd 0.2 5.1 74.3 18.8 7.0 1.5 12.0 9.4 1,6 1,7 4,8 0,5 2.0 6,9 8,1
Tb 0.03 1.1 11.9 3.6 1,7 0.3 2.1 1.7 0,4 0,3 1,0 0,1 0.4 1,5 1,6
Dy 0.1 9.0 80.3 21.4 15,8 2,3 14.0 11,7 2,9 2.3 7,3 0,7 2.6 11,6 11,6
Y 0.3 47.4 475.9 109.1 124,1 16,2 74.2 67,2 23,4 16.9 56.0 5.6 18,1 85,0 64,4
Ho 0.04 2.0 17.2 4.1 4,3 0,6 2.8 2,5 0.6 0.5 1.6 0.1 0,7 2,9 2,5
Er 0.1 6.7 49.6 11.6 18,4 2,1 7.8 7.3 2.3 2.1 5.3 0.5 2,0 9,2 7,6
Tm 0.03 0.9 6.0 1.4 3,4 0,3 1.1 0.9 0.4 0.3 0.8 0.1 0,3 1,5 1,2
Yb 0.1 5.3 32,5 8.2 26,5 2,1 7.2 5.5 3.0 2.8 5,0 0.5 2,3 11,4 8,5
Lu 0.04 0.7 4.0 1.1 4,3 0,3 1.0 0.7 0.5 0.4 0,7 0.1 0,3 1,6 1,2
Ga 1 27 35 33 31 26 31 31 41 36 32 33 41 37 32
V

N n t o '  A ll  Mi

2
i l l  t o e  g r o  i r

3
n n m  o v n o

b.d.
lAikiA

2
In  in  l i f t  0/

b,d. b.d. 1 b.d. 440 460 367 309 337 485 234

void = void filling: rep = replacive; trans = transitional.
DL = Detection Limit; b.d. = below detection;



Table 5.3
Element
(ppm)

DL
(ppm)

99-2-8 (continued) 102-4-1 (Tonga - Plagiogranite) 108-3-16 (Tonga - Basalt)
void rep rep rep rep rep rep rep void rep rep rep void

CaO (wt %) 23.27 23.15 22.79 23.15 23.15 23.56 22.66 23.32 23,66 23,27 23,08 23,69 23,47
Ba 0.6 5.9 4.8 4.0 4.6 5.0 2.4 7.6 3.6 4,2 9,0 5,2 5,5 9,5
Th 0.02 b.d. 0.18 0.04 0,08 0.14 0.03 0.18 0.07 0,04 3,69 b,d. 0,02 b,d.
La 0.05 1.3 5.2 6.8 7.1 12.3 2.7 2.5 8.8 2.2 166,9 1,3 1,4 3,2
Ce 0.04 2.8 15.5 19.3 19.5 33.7 4.5 3,4 13.5 3.3 311,5 3,3 3,4 7,6
Pr 0.03 0.6 3.5 3.8 4.6 6.6 0.6 0,5 2.0 0.5 46,0 0,7 0,6 1,4
Sr 0.6 633 716 771 769 600 761 902 654 675 908 378 287 285
Nd 0.1 2.9 21.1 22.9 28.4 38.2 3.0 1.9 8.7 2.1 209,4 3,9 3,9 9,0
Zr 0.8 9.7 62.9 52.7 81.1 73.3 5.0 3.4 1.4 8.3 1,8 12,1 21,1 20,6
HI 0.09 0.25 2.05 1.05 2.87 1.50 0.15 0.14 b.d. 0.33 0,11 0,32 0,57 0,40
Sm 0.3 1.2 9.1 7.7 11.8 13.5 0.9 0.4 2.1 0.6 62,4 1,4 1,3 3,0
Eu 0.08 2.8 3.1 3.8 5.9 4.5 1.1 0.8 1.7 0.6 20,5 2,5 3,0 3,8
Gd 0.2 1,6 12.1 9.9 16.1 17.9 0.8 0.4 2.4 0.9 75,8 1,8 1,8 3,9
Tb 0.03 0.3 2.4 1.8 3.1 3.3 0.2 0.1 0.4 0.2 14.8 0.3 0,3 0,6
Dy 0.1 2.2 16.2 12.9 20.3 24.4 1.3 0.7 2.7 1,4 98.2 2.4 2,3 5,0
Y 0.3 18.5 95.2 75,8 119.4 165.5 9.0 4.0 19.1 9,8 536.7 18.9 13,9 36,5
Ho 0.04 0.5 3.5 2.6 4.4 5.5 0.3 0.2 0,6 0,4 18.6 0,6 0,5 1,0
Er 0.1 1.7 10.8 8.4 12.9 17.7 0.9 0.5 1,9 1,1 51.4 1,9 1,5 3,1
Tm 0.03 0.3 1.6 1.2 1.8 2.5 0.2 0,1 0,3 0,2 6,6 0,3 0,2 0,5
Yb 0.1 2.1 10.9 9.3 12.2 16.0 1.3 0.7 2,3 1,7 40,6 2,3 1.7 3,9
Lu 0.04 0.3 1.6 1.4 1.9 2.0 0.2 0.1 0,4 0,3 6,4 0,3 0,3 0,6
Ga 1 35 32 41 35 38 29 23 30 32 42 21 23 20
V 2 338 266 390 388 333 60 66 87 206 169 332 445 565

§



Table 5.3 Trace el(îment compositions of epidote determined by LA-iCP-MS (continued).
Element
(ppm)

DL
(ppm)

108-3-16 (continued) KG99004 (Troodos - Basalt) KG99005 (Troodos - Basait)
rep rep void void void void rep rep void void void void void

CaO(wt%) 23.30 23.13 23.31 23.04 23.44 23.24 23.42 23.24 23.22 23.04 23.54 23.14 22.93
Ba 0.6 3.7 6.2 4.9 4.9 4.5 9.8 10.8 9.5 6,1 4.5 7.0 8.5 5.7
Th 0.02 0.04 0.02 b.d. b.d. b.d. b.d. 0.09 0.05 b.d. 0,03 b.d. 0,02 0.05
La 0.05 2.0 1.1 1.5 1.9 0.6 1,5 2,2 2,5 0,9 1.5 1.1 3,1 2,9
Ce 0.04 5.2 2.7 3.4 5.1 1.5 2.9 5,3 5.2 2,2 3.7 2.6 7.4 8.0
Pr 0.03 0.9 0.5 0.6 1,0 0.3 0.6 0,9 1.0 0,4 0.7 0.5 1.5 1,5
Sf 0.6 316 351 242 263 258 343 323 298 142 140 93 229 72
Nd 0.1 5.7 2.7 3,3 5.9 1.6 3.0 4,9 5.3 2,2 3,7 2.9 8.9 8.5
Zr 0.8 23.5 5.8 52.2 43.8 16.8 23.0 57.4 64.0 4.6 23,1 46.0 41.2 71.0
Hf 0.09 0.77 b.d. 1.68 1,39 0.46 0.47 2.26 2.64 0.11 0.58 1.24 0.78 1.65
Sm 0.3 1.9 1.4 0.8 2.1 0.8 1.0 1.8 2.2 0.6 1.5 0.9 3.4 3.1
Eu 0.08 2.2 1.9 2,0 2.7 1.3 3.3 2.5 3.8 2.6 2.5 2.7 4.3 2.6
Gd 0.2 2.5 1.2 1.7 2.9 0.7 1.8 2.4 2.9 1,3 1,8 1.6 5.5 4.2
Tb 0.03 0.5 0.2 0,3 0.6 0.1 0.4 0.5 0.5 0.2 0,4 0.3 1.2 0.8
Dy 0.1 3.0 1.4 2.4 4.4 1.0 2.5 3.1 3.7 1.3 2,2 2.3 9,2 5.9
Y 0.3 19.7 9.7 14.6 27.4 5.5 18.8 17.3 21.6 6.5 15.6 16.8 69,5 41,3
Ho 0.04 0.7 0.3 0.5 1.0 0.2 0.6 0.7 0.8 0.2 0.5 0.5 2.1 1,3
Er 0.1 2.0 1.0 1.6 3.2 0.6 2.2 2.0 2.3 0.8 1.7 1.7 7.5 4,0
Tm 0.03 0.3 0.2 0.2 0.4 0.1 0.4 0.3 0.4 0.1 0.3 0.3 1,4 0,8
Yb 0.1 1.9 0.9 2.0 3.3 0.7 2.5 2.7 4.0 0.7 2.1 2.7 12.8 7,1
Lu 0.04 0.4 0.1 0.4 0.5 0.1 0.4 0.5 0.9 0.1 0.3 0.5 2.3 1,1
Ga 1 19 19 23 17 19 22 20 23 39 39 25 27 27
V 2 336 287 392 291 272 323 378 456 370 819 327 502 269

00



Element
(ppm)

DL
(ppm)

KG99005 (continued) KG99006 (Troodos - Basalt)
void void rep rep rep void void void void

CaO(wt%) 22.74 23.14 23.08 23.08 23.08 23.15 23.15 22.87 22.43
Ba 0,6 7.0 6.7 6.9 6.7 7.3 4.4 4.6 6.2 4.7
Th 0.02 b.d. 0.07 0.04 0.30 0.18 0.05 0.04 b.d. 0.04
La 0.05 0.7 3.0 2.8 5.7 4.5 1.1 1.2 0.5 0.7
Ce 0.04 1.4 6.8 8.6 17.1 11.5 3.3 2.7 1.0 2.3
Pr 0.03 0.2 1.3 1.8 3.4 2.1 0.6 0.5 0.2 0.4
Sr 0.6 68 109 213 230 156 290 190 304 276
Nd 0.1 1.5 6.9 10.0 20.0 12.3 4.0 2.6 1.0 2.5
Zr 0.8 5.4 35.0 57.7 49.7 50.7 23.6 21.4 3.9 3.2
Hf 0.09 b.d. 0.64 2.05 1.47 1.41 0.70 0.56 0.09 0.08
Sm 0.3 0.6 2.3 4.6 7.8 3.8 1.6 0.8 0.5 1.1
Eu 0.08 1.5 3.4 2.4 1.8 1.7 1.4 1.6 1.6 1.8
Gd 0.2 0.7 3.3 7.1 9.4 5.4 2.3 1.3 0.5 1.2
Tb 0.03 0.1 0.7 1.4 1.7 0.9 0.4 0.2 0.1 0.3
Dy 0.1 0.7 4.6 9.9 12.1 6.4 3.2 1.4 0.6 1.3
Y 0.3 6.0 30.3 60.8 67.2 38.4 21.6 11.0 5.7 7.1
Ho 0.04 0.2 0.9 2.2 2.4 1.3 0.7 0.3 0.1 0.2
Er 0.1 0.6 3.4 6.9 7.4 4.0 2.4 1.0 0.5 0.9
Tm 0.03 0.1 0.5 1.0 1.1 0.6 0.4 0.2 0,1 0.1
Yb 0.1 1.0 4.3 6.9 7.6 4.4 2.5 1.1 0.6 0.5
Lu 0.04 0.1 0.6 1.0 1.1 0.7 0.3 0.2 0.1 0.1
Ga 1 25 30 26 23 30 15 23 22 18
V 2 255 302 417 350 418 326 268 355 340

8
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behaviour. Analyses of the appropriate elements from hydrothermal vent fluids are 
unavailable for comparison [Æ VonLkanm, pers. com., 2000].

Epidote has variable REE abundances both within and between samples. La varies 

between 0.5-12 ppm, Gd varies between 0.4-19 ppm, and Lu varies between 0.05 and 4.3 

ppm. All patterns have chondrite-normalized (denoted n )  LaN/Smn values =1.1 except for 

one plagiogranite epidosite sample (102-4-1) in which all of the analyses are >  1.8 (up to  4.4). 

Ratios of GdN/LuNare more variable and range from 0.2 to 2.2; however, most analyses are 
<  1 (Figure 5.6).

Four REE patterns are evident in the epidote analyses (Figure 5.7). Type I and II 
REE patterns are characteristic of epidote from basaltic protoliths (Figure 5.8A). Type I 

patterns show slightly depleted LREE, flat o r slightly enriched heavy REE (HREE), and a 

strong positive europium anomaly. Type II patterns are characterized by higher overall REE 

concentrations than type I patterns, slightly depleted LREE, generally flat HREE, and only 

slight Eu anomalies (both positive and negative). Type II patterns are restricted to samples 
99-2-8 and KG99006.

Type in  and IV REE patterns are characteristic of epidote from  plagiogranite 

protoliths (Figure 5.8B). Type HI patterns (sample 96-1-14) are characterized by slightly 
depleted LREE, slightly depleted, flat o r slightly enriched HREE, and a  variable positive 

europium anomaly. Type IV patterns (sample 102-4-1) are characterized by slighdy enriched 

LREE, flat or slightly enriched HREE, and a moderate positive europium anomaly. A  few 

exceptions to these broad classifications are discussed below.

W hole Rock Chemistry

Epidosite whole-rock compositions were determined for comparison with epidote chemistry 

(Figure 5.9). Chondrite-normalized trace element patterns for the Troodos epidosites 

display negative Ba, slighdy negative T h, and positive Sr anomalies relative to the field for 

volcanic glass {RautenschlanetaL, 1985]. The Troodos epidosites are characterized by  flat to 

slighdy LREE-depleted patterns, w ith very slight negadve Eu anomalies, that plot well 

within the field of Troodos volcanic glass \Rautensdolem etaL, 1985] suggesting only local 

redistribudon of the REE. Basaltic epidosites from Tonga fall within the field defined by 

least altered Tonga basalts on a chondrite-normalized trace element plot (Figure 5.10).
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Sample 99-2-8 exhibits a pronounced positive Sr anomaly similar to  the Troodos epidosites 

and in general, the patterns for basaltic epidosites are extremely similar between Troodos 

and Tonga. The Tonga basaltic epidosites show a similar LREE depletion as the Troodos 

samples and fall toward the upper limit of the field defined by the least altered Tonga basalts 

\T. Falloon, pers. com., 2000], again suggesting only local redistribution of the REE.

The two epidosites from  plagiogranite protoliths have distinctive patterns fig u re  

5.11). Sample 96-1-14 displays a similar REE pattern to the basaltic epidosites from both 

Tonga and Troodos except that abundances are slightly higher. Chondrite-normalized trace 

element concentrations are also high and parallel the basaltic epidosites, except for slight 

negative Sr, Zr, and H f anomafies. Least altered plagiogranite samples from the same dredge 

show similar patterns to sample 96-1-14 except for a small negative Eu anomaly. The 

general REE patterns of these plagiogranites are also similar to plagiogranite analyses from  

the Troodos ophiolite \Aldiss, 1981; Ka^ and Senedxi, 1976]. Sample 102-4-1 is characterized 

by  LRE E enrichment, a negative Eu anomaly, and elevated Baw and TE n  contents.

Although distinct from the plagiogranite samples recovered in dredge 96, sample 102-4-1 has 

a similar REE pattern to plagiogranites dredged from widely spaced localities along the Mid- 
Atlantic Ridge (MAR) \_Aldiss, 1981].

D isc u ssio n

Trace element substitution in epidote is controlled by a variety o f factors, including host 

rock and fluid compositions, epidote crystal chemistry, pressure, temperature, pH, and 

oxygen fugacity. In the following sections, the relative importance of these faaors is 

discussed and the findings are used to  make predictions on the chemistry of fluids circulating 

in the deep portions of seafloor hydrothermal systems.

E pido te  M ode of Occurrence

Epidote patterns from basaltic protoliths from both Tonga and Troodos are remarkably 

similar and are generally characterized by type I REE patterns (Figure 5.8). Two basaltic 

samples (99-2-8 from Tonga and KG99006 from Troodos) show a marked difference 

between void filling and replacive epidotes not seen in other samples such that void filling 

epidote is characterized by type I patterns and replacive epidote is characterized by type II
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patterns. A n earlier study on REE in secondary minerals from the Troodos ophiolite shows 

a similar separation in epidote R EE patterns based on mode of occurrence [GiUisetaL,

1992]. In their study, replacive epidote displays type I patterns and the void filling epidote 

displays patterns similar to type IV; however, both of their epidote samples came from 

basaltic protoHths [GiUisetaL, 1992]. One analysis in sample 99-2-8 displays a transitional 

pattern (between types I and H) th a t comes from an epidote grain at the edge of a vesicle 

(Figures 5.3 and 5.7) and displays pétrographie features shared by both void filling and 

replacive epidote. The remaining samples do not show a clear distinction between mode of 

occurrence and trace element chemistry.

C om parison with Whole-Rock C hem istry

The similarities observed between the fresh rock (or glass), epidosite whole rock, and 

epidote trace element patterns are striking. It is clear that epidosites inherit the trace elem ent 

compositions of their protoliths, which su^ests that mobilization of trace elements results 

in only local redistribution. This is further supported by the CHARAC behaviour displayed 

by the epidote analyses (Figure 5.5). As the dominant REE-bearing phase in epidosites, it is 

not surprising that epidote mimics the whole-rock patterns, as epidote is the most likely host 

for the majority of the trace elements in the epidosites. A  few differences are observed, 

however, between the epidote and whole rock patterns. For example, the epidote analyses 

commonly display negative Ba, Z r, and H f and positive Sr anomafies relative to the fresh 

rocks. Sr partitions onto the Ca sites in epidote and is therefore enriched [Deeretd ., 1992]. 

Ba should also partition onto the C a site but is mobile in hydrothermal fluids and is likely 

leached from the rock during alteration. Z r and Hf both have high charge and small radii, 

which makes them less suitable fo r partitioning into the epidote crystal structure.

Plagiogranites are more chemically evolved than basaltic protoliths and contain 

m inor phases such as apatite and zircon. Epidote in samples with plagiogranite protoliths 

displays more complex REE patterns than those from basaltic epidosites. Epidote patterns 

in sample 96-1-14 (type IE) are similar to type I patterns except that HREE values converge 

toward Lu rather than diverge and the positive Eu anomafies are variable. Epidote patterns 

in sample 102-4-1 (type IV) show LREE enrichment that is distinct from all other samples. 

These tw o distinct patterns are remarkably similar to their host rock patterns and patterns 

from  fresh plagiogranites.
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Three epidote grains, which are similar in texture and major element chemistry to the 

other epidotes, display anomalous trace element patterns. One grain in sample 102-4-1 and 

another in sample 96-1-14 contain extremely h ^  overall trace element concentrations 

(Figures 5.3 and  5.7). They are characterized by slightly LREE-enriched patterns with no 

appreciable Eu anomaly and negative Ba, Sr, Zr, and H f  anomahes. Sample 96-1-14 also 

contains an analysis that is relatively LREE-depleted, HREE-enriched, and whose chondrite- 

normalized R E E  concentrations vary over three orders o f magnitude. I believe these 

analyses are accurate because no variation in detection limits is observed and the time 

resolved LA-ICP-M S spectra do not indicate incorporation of foreign material o r inclusions. 

These grains could represent a different generation of epidote, which formed from  a REE- 

enriched fluid- O ne source for this fluid could be volatdes exsolved from the  plagiogranite 

melt during crystallization. This possibility is supported by  fluid inclusion data, which 

indicate the epidosites may have interacted with fluids derived from a magmatic source 

{Bcxnerÿeeted. , 2000]. Alternatively, these grains may have crystallized from a silicic magma 

rather than an aqueous fluid since epidote is known to occur as an accessory phase in 

granitic rocks. Aumento [1969] documents the occurrence of allanite in a sample of diorite 

dredged from  the  Mid-Atlantic Ridge. Allanite is the REE-rich member of the  epidote 

group, which is know n to occur in felsic volcanic and plutonic rocks \PeeretaL, 1992].

The remarkable similarity between the epidosite and fresh rock patterns suggests that 

only local redistribution of the REE occurs during epidotization. Type H REE patterns in 

basaltic protoliths are quite similar to their host whole-rock patterns, presumably due to local 

redistribution during replacement of primary phases. O n  the other hand. Type I patterns are 

quite different than  host whole-rock patterns and may reflect an external control, possibly 

fluid composition during precipitation.

Mass Balance C onsiderations

Mass balance calculations were performed in order to assess the relative contribution of the 

two epidote textural types and accessory phases (i.e., titanite, apatite) to epidosite whole rock 

REE patterns. Mass balance models were developed for samples 99-2-8 and KG99006, 

which show very  good separation between epidote textural varieties. It is first assumed that 

all the REE in the  rock are concentrated in the two textural varieties of epidote: void filling 

and replacive. Q uartz  and chlorite, which are the other main mineral phases present in the
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epidosites, contain low REE concentrations and are therefore ignored. Because the epidote 

textural types show a wide range in REE content, mass balance models were developed 

using all possible combinations of the minimum, maximum, and average REE contents for 

both textural varieties (Figure 5.12 and 5.13). The resulting six patterns (minimum void 

filling, maximum void filling, averse  void filling, minimum replacive, maximum replacive, 

and av e rse  replacive) were then arranged in five combinations (e.g., minimum void filling 

plus minimum replacive, minimum void filling plus maximum replacive; maximum void 

filling plus nainimum replacive; etc.). These concentrations were then used to calculate bulk 

rock compositions, assuming different ratios of void filling to replacive epidote. This 

approach permits simultaneous evaluation of the whole rock REE patterns against different 

epidote patterns (in terms of concentration) and in different proportions of textural type 

(void vs. replacive). The model results are presented in Figures 5.14 and 5.15.

The model that best matches the whole-rock pattern for sample 99-2-8 utilizes the 

minimum void filling and replacive epidote values, in the proportion of 35:65 (Figure 5.14F). 

The abundance of void filing epidote used in this model agrees well with their modal 

proportions determined petrographically. Therefore, if this combination of void filling to  

replacive epidote at the appropriate concentrations is present in sample 99-2*8 the whole 

rock pattern could be reflecting REE only in epidote. The same model is appropriate for 

sample KG99006 (Figure 5.15F), except that it does not produce the slightly negative Eu 

anomalies of the whole-rock pattem.

Based on this modelling it appears that REE-bearing accessory phases do no t 

contribute significantly to the REE contents o f the whole rock. Titanite is common as an 

accessory phase (<  5%) in these samples where it partially to completely replaces ihnenite. 

Titanite is strongly depleted in Eu [Green andPearxn, 1983], which may reconcile Eu in 

sample KG99006. Overall, the titanite REE pattem  is slightly concave down [Green and 

Pearson, 1983]. As a result, titanite would probably not have a large effect on the HREE o r 

LREE of the whole rock pattem  but could influence Eu significantly.

Crystal-Chemical Controls

In order to evaluate the influence of crystal-chemical controls on trace element partitioning 

between hydrothermal fluids and epidote, I have applied the method of Bluncfŷ  and W ood 

[1994], which proposes that lattice strain is the dom inant control on mineral-meh
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partitioning of trace elements. In their model, the partitioning (D) of trace element (z) with 

radius (r  ̂on a given structural site is described in terms of the optimum site radius (n)), the

site Young's Modulus {E  ), and the theoretical strain free partition coefficient (Do):

A  = Do exp
— 4tcE N j

RT
(5.1)

where is Avogadro’s number, R  is the gas constant, Tis temperature in  K, and the bar 

denotes a site property rather than a bulk crystal property.

The model of Blundy and Wood [1994] can be applied to hydrothermal epidote 

because most of the variables in equation (5.1) are properties of the crystal and are not 

affected by the nature of the fluid phase (melt or aqueous solution). I restrict my discussion 

of crystal-chemical controls to the REEs for two reasons. First, the REE compositions of 

hydrothermal fluids exiting at black smokers are relatively well known. Second, of the trace 

elements I have determined, the REE represent the largest group of isovalent cations w ith 
which to compare the model data.

The epidote group minerals can be represented by the ideal formula A 2M3SiOi3H  in 

which the A sites are occupied by large, high coordination number (VII to  XlQ cations such 

as Ca, Sr, Pb, REE, and the M  sites are occupied by octahedrally coordinated, trivalent 

(sometimes divalent) cations such as A l^ , F e^ , M n^ , Fe^+, andMg^+ \DoUax, 1971]. The 

REE partition onto the A  sites normally occupied by Ca in epidote, which form  large 

irregular polyhedral cavities. The entry of the REE into the crystal structure of epidote is 

accommodated by coupled substitution to maintain electrostatic neutrality such as \Dær et. aL, 
1992]:

Ca^+ + F e^  = R EE^ + Fe^+ (5.2)

O f the two A sites (A1 and A2), the REE have been showm to partition primarily 

onto the A2 site, which is likely due to its much deeper electrostatic potential well despite its 

larger volume \Smyào and Bish  ̂ 1988]. For this reason, and in the interest o f simplicity, I 

assume that the REE partition exclusively onto the A2 site.
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Since trace element partitioning studies for epidote are unavailable, it is necessary to 

make several assumptions regarding the parameters required in the model of Blundy and 

W ood [1994] (Equation 5.1). In the literature, the A sites in epidote have been assigned 

coordination numbers from VU to XI corresponding to  a bond length variation of 2.30 to  

3.13 Â [see discussion in PanandFIeet, 1996]. I use a coordination number of Vm  fo r the

A2 site and a corresponding mean <A2-0> bond length of 2.588 Â as indicated by Smyth and

Bish [1988]. Using this value, the value for ro was determined as the mean bond length 

minus the radius o f oxygen in 8-fold coordination [1.42 Â  - Shannon, 1976] which yields a 

value of 70=1.168 Â. From  single-crystal X-ray difhaction compressibility data. Comodi and 

Zanazzi [1997] determined the isothermal bulk modulus QC) of cHnozoisite to be 130 ±  2 

GPa. Using powder X-ray diffraction data, Holland et al. [1996] determined the isothermal 

bulk modulus of epidote to be 162 ±  4 GPa, I have chosen to use the bulk modulus value 

from Comodi and Zanazzi [1997] for two reasons. First, the A  value for clinozoisite (130

GPa) more closely approximates the A2 lattice site value of K  obtained by applying the

relationship of H azen and Finger [1979] to my value for mean <A2-0> bond length and

assuming occupancy by cations with 3 + charge (129.8 GPa). This is what might be expected 

if it is assumed that the elastic properties of the crystal are most strongly influenced b y  the 

large A cation sites [cf., Blarufyand Wood, 1994]. Second, the values reported by Holland et 

al. [1996] for clinozoisite and zoisite are in poor agreement with those of Comodi and 

Zanazzi [1997], possibly due to discrepancies between the two experimental approaches [cf.,

ReynardetaL, 1996]. I have converted the A2 lattice site bulk modulus (X ) to the A2 lattice 

site Young’s modulus (A  ) by applying the identity relating E  and K:

F  = 3X (l-2«y) (5.3)

where O is Poisson’s ratio. I adopt the approach used in Blundy and Wood [1994] tha t most

minerals approximate Poisson solids with a value of <J =  0.25, which results in a value of E  

= 195 GPa for the A2 site in epidote. Unfortunately, I  have few constraints on the value of 

the theoretical strain free partition coefficient (Do). Measured mineral-melt distribution 

coefficients for the REE in allanite have been shown to vary from <  10 for Lu to >  800 for 

lj!i.[BrooksetaL, 19S1; Mahood and Hildreth, 1983; Sawka, 1988].
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The results of applying the above parameters to the model of Blun(fy and W ood 

[1994] are presented in Figure 5.16A, The partition coefEdent values are only relative since 

I do not have an appropriate value for Z)o. The resulting parabola centered at 1.168 Â , 

shows a regular progression of the REE along its left limb. This arrangement indicates that 

La should partition preferentially into epidote followed by the other REE in decreasing 

atomic radius, which is what has been observed in several other studies of REE in  epidote 

[e.g., Carcan^etaL, 1997; SakaietaL, 1984; YonevetaL, 1998].

It is important to note that m y epidote model is restricted in its approach to  the 

trivalent REE. Consequently, Eu and Ce are assumed to be in their trivalent state and 

behave in a similar manner to their neighbors. This may not be appropriate as Eu can exist 

in either a 2+ or 3+ oxidation state, whereas Ce can exist as either a 3 + or 4+ oxidation state 

depending on redox conditions. Studies of Eu redox in hydrothermal fluids suggest that Eu 

is most stable in its 2+ oxidation state at elevated temperature and pressure, regardless of the 

effects of complexing 1984]. Calculations by Haas et al. [1995] support this

assertion, and indicate little change in  complexing behaviour over a range of oxygen 

fugacities. Therefore, predicted E u concentrations of my model fluids should be treated 
with caution.

In order to test my model values, I have used a Levenberg-Marquardt-type, non­

linear least squares fitting routine [Press, 1992] to  derive best-fit values for td, Do, and  E  for 

partitioning of the REE in allanite based on measured values in natural samples (Figure 

5.16B; Table 5.4). The shapes of the parabolas are strikingly similar to my epidote model.

The largest difference in fit parameters is in the value of E , which affects the tightness of

the parabolas; values of E  fitted to  the allanite data are consistently higher than m y 

estimated value of 195 GPa, except for the value calculated from the data of Brooks et al. 

[1981] (Figure 5.16B). Recalculation of m y epidote model REE partition coefficients using

the average E  fit value for allanite results in a tighter curve, lower partition coefficients for 

the HREE, and less similarity to the allanite partitioning data. This may be due, in part, to 

the temperature value I have chosen in m y model (3CX)°C) versus that used for the  allanite

data ^50° C) since increasing the temperature has the effect of increasing the value fo r E .

It is significant that my measured REE concentrations in hydrothermal epidote do 

not support the type of partitioning behaviour predicted by the crystal-chemical m odel of
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Table 5.4 Fit parameters for allanite-melt partitioning data.

M&H(E) M&HCM) Brooks Sawka
Do 2787 2407 941 1643
ro(A) 1.17 1.18 1.20 1.16
E  (GPa) 284 259 193 301
Note; M&H = Mahood and Hildreth, 1983; Brooks = Brooks et al., 
1981; Sawka = Sawka, 1988.
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Blundy and W ood [1994]. The epidote model predicts significant fractionation of the LREE 

over the H REE resulting in a La/Lu value greater than 300. In contrast, m y epidote 

analyses generally have La/Lu values between 1.4 and 36. Although La appears to be 

preferentially incorporated into the crystal structure of the hydrothermal epidotes, the 

fiactionation is only modest, unlike that predicted by my model This discrepancy could 

result from a number of factors: (1) m y model may have improperly estimated the values for

ZD, Do, and E  ; (2) crystal chemistry may not be the dominant factor controlling partitioning 

of the REE in hydrothermal epidote; (3) the fluid from which the epidote crystallized may 

have been extremely HREE- enriched; o r (4) the epidote may not be in equilibrium with the 

fluid from which it precipitated A  final possibility is that the REE m ay be partitioned into 

more than one site in the epidote crystal structure; however, this option is not discussed in 

this thesis. I believe the similarity between my epidote model parabola and the fits to the 

allanite-melt partitioning data su re s t m y model is robust and that m y  estimates for zd. Do,

and E are sound  Below I test possibilities (2), (3), and (4).

Mrierd-FluidParâtiomng

I applied the model of Blundy and W ood [1994] to natural and experimental studies that 

measured mineral-fluid partition coefficients to test if crystal chemistry controls trace 

element fractionation in aqueous systems. Studies of this type are rare [see review in Gieré, 

1996]. For this reason the following discussion is limited to mineral-fluid partitioning in 

hydrothermal allanite and apatite.

Banks et al. [1994] calculated allanite-fluid partition coefficients fo r the LREE (La, 

Ce, Pr, Nd, and Sm) from fluids released from fluid inclusions in naturally occurring allanite 

and found similar values to mineral-melt data {MahocdandHildredji 1983; Sccwka  ̂1988].

These fluid inclusions are interpreted as primary, representing the original magmatic fluid 

from which the allanite crystallized [Banks et aL, 1994]. I derived best-fit values for the 

parameters in Blunc^ and W ood’s [1994] model (Equation 5.1) for allanite-fluid partitioning 

[Banks et oL, 1994] (Figure 5.17A). The results converge to form parabolas, however, the fit 

parameters are unrealistic for several reasons: (1) the LREE partition coefficients cluster 

together on the extreme left limb of the parabolas; (2) the value for m ranges from 1.51 to

1.72, which would place the optimum <A2-0> bond length at the
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extreme (>  3 Â) end o f those described for the epidote group; and (3) the value for the

lattice site Young’s M odulus {̂ E ) varies from 153 to 25.4 GPa, w hich is an order of 

magnitude smaller th an  w hat I observed for the fits to the allanite-melt partitioning data.

I further tested the  applicability of Blundy and Wood’s [1994] model (Equation 5.1) 

to mineral-fluid partitioning by calculating fit parameters for experimental Ce, Gd, and Yb 

partition coefficients in hydrothermal apatite at 1 GPa and 1000®C \Ayersand Watson, 1993].

One run (KD7 - forwarcÇ forms a tight parabola centered at 1.07 Â , with E  = 155 GPa; 

these values are reasonable f ig u re  5.17B). Two other runs (reversal), however, produce 

unreasonable fits. Ayers and Watson [1993] state that run KD7 has the lowest errors and 

thus best approximates the  predicted values for REE partitioning, however, they also 

mention that the agreement between partition coefficients for all experiments suggests 
equilibrium was reached.

Neither study exhibits partitioning behaviour that can be predicted solely based o n  

crystal-chemical effects. Previous studies of mineral-fluid trace element p>artitioning at 

elevated pressures and temperatures appropriate to upper mantle conditions (up to 1200°C 

and 5.7 GPa) have show n that fractionation is mainly controlled by  CHARAC behaviour 

and the data can be fitted  to  the model of Bluncfy" and Wood [1994] w ith  acceptable results 

{StalderetaL, 1998]. However, Stalder et al. [1998] point out that the  observed effect o f 

crystal-chemistiy m ay be due to the high pressure-temperature conditions of the 

experiments. Under these conditions, the physical properties of aqueous fluids approach a 

critical p>oint where there is little distinction between fluids and melts [see discussion in 

StalderetaL, 1998]. Such behaviour may explain why only one of the experiments performed 

by Ayers and Watson [1993] fits reliably to the Bluncfy and W ood [1994] model -  failure to 

reach equilibrium in is another pxjssibility. Although crystal-chemistry plays an important 

role in trace element partitioning, based on my attempt to fit mineral-fluid pjarcitioning data 

to the model of Blundy and W ood [1994], I conclude that other factors likely play an ecjual 

or greater role under hydrothermal conditions.

FUddModdmg

In order to determine if fluid chemistry could produce the observed epidote REE patterns 

described above, the m odel REE partition coefficients were used to  calculate fluid
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compositions in equilibrium w ith the epidote types f ig u re  5.18). The relative chondrite- 
normalized fluid pattems produced are remarkably similar to  each other, irrespective of 

epidote REE pattem type. The patterns are generally characterized by strong HREE 

enrichment that ranges over four orders of magnitude and variable positive Eu anomalies, 

except in the case of Type II epidote (replacive), which shows no  Eu anomaly. These fluid 

patterns are distinct from both  chondrite-normalized pattems o f hydrothermal fluids exiting 

at black smokers and seawater (Figure 5.18).

Several studies have shown that the REE chemistry o f hydrothermal fluids fi*om 

different locations is generally similar [e,g., KlinkhammeretaL, 1994; M idmd, 1989]. 

Furthermore, the similarity between the pattems of hydrothermal fluids and those of 

pl%ioclase has been used to  infer that dissolution of plagioclase may control hydrothermal 

fluid REE contents [Klirikhamrneretid., 1994]. It is clear fr-om Figure 5.18 that p l^oc lase  

dissolution alone could not be responsible for the REE of fluids calculated from my epidote 

model. Because of their REE abundances, I find it hard to  reconcile the calculated fluid 

patterns w ith simple dissolution of primarily pl^oclase and clinopyroxene. Instead, 

dissolution of HREE-enriched minerals such as olivine o r orthopyroxene might be 

responsible for the equilibrium fluid pattems observed. Olivine and orthopyroxene, 
however, are commonly observed in modal proportions less than  a few percent in oceanic 

crustal rocks and are relatively REE-poor. Another REE source is interstital glass, w hich 

reacts quickly under hydrothermal conditions \t.%.,Bad>etaL, 1996; Bachandlrber, 1998]. 

However, REE released from  this material is unlikely to have the  strongly HREE-enriched 

patterns observed for the fluids and should instead have pattem s similar to basalt \Bado et a/., 

1996; Bach andIrber, 1998].

Go-precipitation o f accessory phases (e.g., titanite) w ith  epidote are probably no t 

responsible for the positive E u  anomalies observed in the void filling epidote, since it 

probably formed at the same time as the replacive epidote. Replacive epidote does n o t show 

a positive Eu anomaly, suggesting co-precipitation of titanite did not affect its REE 

composition. The positive Eu anomaly displayed by void-filling epidote might be related to 

dissolution of plagioclase at an advanced stage of alteration. Plagioclase could have provided 

the Eu and would not have broken down as readily as mafic phases (such as clinopyroxene) 

during initial alteration. Differences in REE pattems between void filling and replacive
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epidote may therefore be related to dissolution of different primary minerals and/or in 

different proportions as alteration progressed.

Several studies have commented on the relative abilities of complexing agents 

(chloride, fluoride, hydroxide, carbonate, sulphate, etc.) to stabilize REE in solution [e.g., 

CantrellandByme, V)%7iHaas etoL, 1995; Wxxi, 1990]. Calculations for acidic hydrothermal 

vent fluids from the East Pacific Rise \MidoardetaL, 1983; MichardetaL, 1984] incorporating 

a C l/F value of 1000 su re s t chloride and fluoride complexes are equally important for the 

LREE and that fluoride complexes are dominant for the HREF. [Haas et cd., 1995]. D ue to 

the low concentrations of F  in  hydrothermal fluids, it is unlikely this type of complexing 

behaviour could produce the  strongly HREE-enriched patterns observed. Some increased 

stability of the HREE relative to LREE in solution might be expected [cf., 1990] but

not on the scale observed in the  modeled fluids. Thus it appears that crystal chemistry is not 

the dominant control on trace element partitionii% in seafloor hydrothermal systems and 

that fluid chemistry may also contribute to epidote trace element abundances.

Composition of Deep H ydrotherm al Fluids

Since crystal chemistry does n o t control trace element abundances in hydrothermal epidote,

I can use epidote as a proxy fo r deep fluid chemistry. I have identified four epidote trace 

element patterns, based prim arily on REE abundances (Figure 5.8). Type I and type H 

patterns both occur in basaltic protoliths and are separated on the basis of mode of 

occurrence, which su rest th a t fluid compositions likely evolve during progressive alteration. 

Variation between epidote from  basaltic and pl^ogranite protoliths and comparison with 

fresh whole rock data demonstrates that fluids interacting with different rock types have 

different chemistries and th a t these fluids are rock-dominated. Below I compare m y results 

with direct observations and experimental studies of deep fluids to evaluate the possibility 

that hydrothermal epidote mimics fluid trace element compositions.

Measured Values

The chemistry of the fluids circulating deep within hydrothermal systems has remained 

elusive due to difficulties in sampling. One way of looking at fluids deep in the crust is 

through analysis of fluid inclusions. One study documents the REE and trace element 

chemistry of fluid inclusions in  a sample of metamorphosed gabbro from the Mathematician
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Ridge (MR) \GhazietaL, 1993]. The fluid inclusion microthennometry of this sample [MR 

sample 7-45; Vcmho, pers. com., 2000] indicates the presence of several inclusion types. 

Prim ary saline inclusions consisting of liquid + vapor + one or more daughter mineral are 

m ost abundant \yanko, 1988]. Fluid inclusion homogenization temperatures up to >  700 

and salinities up to > 48 w t%  N aCl for the primary inclusions provide evidence of formation 

from  high temperatures evolved fluids deep in the plutonic sequence \Vcmko, 1988]. The 

REE pattern of these inclusions (Figure 5.19) is flat to slightly HREE-enriched with a slight 

positive Eu anomaly and displays a surprising similarity to the type H epidotes (Figure 5.8) 
\G hazietaL, 1993].

LecuJoing Experiments

A nother technique used to  ururavel the chemistry of fluids circulating deep within 

hydrothermal systems involves leaching experiments on altered samples. Bach and Irber 

[1998] performed leaching experiments on alteration patches in diabase from the lower 

sheeted dike complex at O cean Drilling Program (GDP) Hole 504B in order to determine 

the mobility of REE during high temperature hydrothermal alteration. Oxygen isotope 

compositions of these rocks indicate only slightly higher water/rock ratios than the 

surrounding host diabase {A lt et oL, 1995], which negates the possibility of REE mobility 

solely resulting from high w ater/rock alteration conditions. Bach and Irber [1998] calculated 

the hypothetical composition o f hydrothermal fluids in the reaction zone as the difference 

between the weakly altered diabase and the highly altered alteration patch (assuming 

water/rock = 1) (Figure 5.19).

What is interesting about this fluid is that it closely resembles the pattern of the type 

n  epidotes, except that REE abundances are about one order of magnitude lower for the 

fluid. Bach and Irber [1998] also use a forward modelling approach to calculate the 

compositions of hypothetical fluids resulting from dissolution of the major rock-forming 

minerals. The resulting patterns progress from LREE-depleted with only a slight positive 

Eu anomaly, to flat patterns w ith a moderate positive Eu anomaly, and finally to strongly 

HREE-depleted with a large positive Eu anomaly similar to black smoker fluids {Bcuh and 

Irber, 1998, Fig. 7], The implication is that as more and more material is leached, the REE 

pattern of the hydrothermal fluid evolves from a rock-dominated pattern similar to the
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patterns observed for epidote from  basaltic protoliths to  something more like measured 
black smoker fluids.

By analogy with these experiments, the observed correlation between mode of 

occurrence and REE pattern in samples 99-2-8 and KG99006 may represent changing fluid 

chemistry as alteration progressed, hi these samples, replacive epidote is characterized by 

patterns similar to the LREE-depleted patterns that result from  the most limited (1 hour) 

leaching experiments whereas void filling epidote is similar to  patterns calculated for the 2 

hour leaching experiments \Bach and Irber, 1998]. Petrographically it is not possible to 

determine the relative timing for the formation of the replacive versus void filling epidote. 

However, comparison with the patterns calculated by Bach and Irber [1998] suggests the 

replacive epidote formed early, resulting from local mobilization of elements released by 

dissolution o f primary minerals by hot acidic fluids, followed by precipitation of epidote in 

voids as alteration progressed. Harper [1988] has suggested that replacement of anorthite by 

epidote in epidosites results in the creation of secondary porosity during metasomatism. 

When combined, this evidence suggests the variation in trace element patterns observed in 

epidote reflect changes in fluid chemistry as alteration progressed.

C o n c lu sio n s

Hydrothermal epidote from epidosites is characterized by  generally similar major element 

compositions and variable trace element compositions. Trace element compositions are 

generally similar to whole rock analyses of the unaltered host. Four general epidote REE 

patterns are observed that are distinct from those of black smokers and seawater and reflect 

differences in both protolith and mode of occurrence. M y crystal-chemical model for REE 

partitioning in epidote predicts that significant fi-actionation of the LREE over the HREE 

should occur. In contrast, my measured epidote REE concentrations are characterized by 

La/Lu values that are an order o f magnitude lower than those predicted by crystal chemical 

controls. Calculation of fluids in equilibrium with epidote compositions predicted by crystal 

chemistry results in unrealistic HREE-enriched fluids. I predict the trace element 

composition of epidote in seafloor hydrothermal systems approximates the chemistry of the 

fluid from which it formed. Replacive and void filling epidote show distinct patterns in two 

basaltic samples suggesting fluids change chemistry as they evolve during progressive
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alteration. Analysis o f hydrothermal epidote trace element chemistry from a variety o f 

locations within hydrotherm al systems, therefore, has the potential to  help constrain fluid 

evolution through space and time.
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C h a p t e r  6

O X Y G E N  ISOTOPES

Hydrothermal circulation of seawater through the oceanic crust results in a num ber of 

physical and chemical changes. D uring  interaction with circulating fluids, oceanic crust is 

relatively unstable, resulting in  the  recrystallization of pre-existing minerals o r  the 

precipitation of new ones. It is th is process that causes changes to the isotopic composition 

of both the rock and fluid. In  general, cold seawater loses to the rock whereas hot 
hydrothermal fluids gain from  the rock.

Early studies of the isotopic compositions of oceanic rocks showed that mantle 

derived oceanic rocks (e.g., M O R E) have global ratios of 5.8 ± 0.3%o [Abiéolenbadisand 

Clayton., 1972a; 1972b; Tc l̂or, 1968]. Muehlenbachs and Clayton

[1972a; 1972b] further suggested th a t the competing processes of interaction between hot 

and cold hydrothermal fluids along w ith  continental weathering and recycling of subducted 

fluids buffer the isotopic com position of seawater (Ŝ Ôseawaicr) near 0 ± 2%o. Because of the 

relatively constant isotopic com positions of both oceanic rocks and seawater, a great deal of 

information can be gained th rough  analysis of altered oceanic rocks. For example, analysis 

of oxygen isotopes can help elucidate details such as the temperature of alteration and water- 

rock ratio. In the following sections, the oxygen isotopic composition of whole rock 

samples and mineral separates from  the  Tonga forearc are discussed in the context of 

previous studies of oceanic rocks and  these data are used to make some predictions on the 

conditions of alteration.

Sa m p l in g  Strategy

In order to investigate the isotope geochemistry of the Tonga suite I selected three suites of 

samples for analysis. The first suite includes the epidosite samples previously described and 

discussed in Chapter 4. The second suite includes samples representative of the rock types 

observed in ophiolites (e.g., basalt, diabase, gabbro, peridotite). Finally, the th ird  suite
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includes a subset o f 10 plagiogranites from dredge 96. Together, these samples were chosen 
to address four goals:

1. to determine if the isotopic composition of the Tonga epidosites was similar to those 
described from  ophiolites;

Z  to determine the variation in isotopic abundances between the lithologjes commonly 
observed in ophiolites;

3. to determine the isotopic variation within a rock type along the length of the forearc; 
and

4. to determine the isotopic composition of the plagiogranites.

These goals were designed to help establish a comparison between the  isotopic 

composition of the  Tonga samples with previous studies of oceanic crust and ophiolites. For 

example, epidosites from  ophiolites are characterized by depleted oxygen isotope ratios 

relative to normal M ORB values resulting from high temperature water-rock interaction at 

high water-rock ratios [HarpereteiL, 1988; SchiffinanetaL, 1987]. Similarly, the various 

hthologies commonly observed in ophiolites (basalt, diabase, and gabbro) typically show a 

progressive decrease in ratios resulting from increasing temperature o f water-rock 

interaction [e.g., Früh-GreenetaL, 1996; GregiryandTaylor; 1981; HarperetaL, 1988; Léatyerand 

Renard, 1996; A^nehleribcdoscmdQa t̂Jori, 1972a; MudderihacksandOaytm^ 1972b; Stakes, 1991; 

Stakes et al., 1984]. Because of this temperature effect, any deviations along the length of the 

forearc could indicate some spatial anomaly in alteration processes possibly related to forearc 

tectonics. Finally, plagiogranites are relatively rare in oceanic collections and isotopic 

information provides an additional constraint on their metamorphic evolution and in 

particular, temperature information derived from quartz and epidote mineral separates.

Transects

This chapter concentrates on the isotope variations in whole rock samples of basalt, diabase, 

gabbro, and peridotite from three transects along the Tonga forearc, whole rock 

plagiogranite samples from  dredge 96, and quartz and epidote mineral separates from 

epidotized plagiogranites. The transects are comprised of three to five dredges each in the 

southern, central, and northern sections of the Tonga forearc. They were chosen to provide 

a range of depths and latitudes from which samples could be studied in order to  explore the 

isotopic variations bo th  with depth (approximating stratigraphy) and along the length of the
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forearc. In addition, we also sampled ten plagiogranites from dredge 96. The location of the 

three transects and dredge 96 are indicated on Figure 6.1.

Results

W hole Rock Analyses

The 0^*0 ratios and major element chemistry of the basalts, diabases, gabbros, peridotites, 

and plagiogranites are given in Appendix E. The ratios for basalt range from 5.4 to 

13.4%o (9.8%o average); diabase ratios range from 5.8 to 8.9%o (7A%o averse); gabbro 

5^*0 ratios range from 4.7 to 8.0%o (6.3%o average); p l^ogranite  ratios range from 5.5 

to 10.6%o (7.3%o average); and tw o peridotites have ratios of 5.8 and 4.8%o. The 

oxygen isotope composition of MORB is well characterized at 5.8 ± 0.3%o [Muef:̂ enhadsand 

Oaytan, MuéolenhadosandClaytony 1972b; Taylor, 1968].

The oxygen isotope ratios of the mafic Tonga samples generally follow the trend 

basalt >  diabase > gabbro (Figure 6.2). No trends are apparent between 6^*0 and h^O , 

TiOa, AI2Q 3, or P2O5 that might be expected if primary chemistry was controlling the 

isotope ratios. Flowever, positive correlations between ratios and LOI and K2O are 

generally observed for ail rock types (Figure 6.2). These parameters bo th  increase during 

alteration at low temperatures (<  250°C) and can be used to estimate the degree of alteration.

M ineral Separates

Q uartz and epidote were separated from six epidotized plagiogranites in order to calculate 

alteration temperatures. Two of these samples are epidosites (samples 96-1-14 and 102-4-1) 

and have been described previously in Chapter 4. Temperatures were calculated using the 

quartz-epidote oxygen isotope geothermometer of Matthews and Schliestedt [1984]. This 

thermometer requires a correction for the pistacite composition of epidote. Since I do not 

have microprobe data for all of the samples studied, I chose a value o f  0.24, which 

represents the average pistacite composition of epidote from the plagiogranites. The 

ratios of the quartz and epidote separates and the calculated temperatures are presented in 

Table 6.1.
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Table 6.1 Temperatures from epidote and quartz mineral separates.

Sample 5^*0 Quartz Epidote A Qcs-Ep Temp (°Q

96-1-10 4-6.4 4-0.0 6.4 289
96-1-14 4-6.0 -0.8 6.8 272
96-1-15 -f-6.8 4-2.0 4.8 376
96-1-30 4-7.8 +15 6.3 294
96-1-35 4-6J 4-0.0 6.3 294
102-4-1 4-77 4-0.4 7.3 253

Note: 5'®0 values are reported in %o relative to the SMOW standard. Temperatures 
calculated assuming a mean epidote pistacite content of 0.24.
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DISCUSSION

Variation betw een Rock Types

The variation in whole rock ratios are generally typical of those described from studies 

of ophiolites and oceanic crust [e.g,, Früh-GreenetaL, 1996; HarperetaL, 1988; Uacyerand 

Reynard, MuehlenbachsandCLryton, 1972^ A/bdehLenbachsandGL t̂crn, 1972b; Stakes, 1991;
Stakes et aL, 1984]. In particular, previous studies of whole-rock oxygen isotopic 

compositions in the Samail ophiolite have shown that pillows commonly have ratios 

> — 8%o, (fyke rocks have values between 4 and 8%o; and gabbros are typically <  ~  6%o, 

relative to fresh MORB values near 5.8%o {GregjryandTaylor, 1981; Stakes and Taylor, 1992]. 

The general trend of basalt >  diabase >  gabbro reflects the general increase in alteration 

temperature as fluids are heated during deep penetration into the plutonic sequence. Basalt, 

diabase, and gabbro have generally similar major element chemistry (Figure 6.2). Most of 

the basalts are tholeiites or arc tholeiites except for three samples of boninite, which show 

the highest ratios (see below).

The slightly enriched nature of the gabbros ^ i t h  respect to fresh MORB; 5.8%o) was 

initially puzzling because gabbros are commonly altered at high temperatures. During water- 

rock interaction cold seawater loses to the crust, whereas hot hydrothermal fluids extract 

^®0 from the crust. Pillows, dykes, and gabbros that have interacted w ith high-temperature 

(>  250°C) hydrothermal fluids become depleted in ^®0, resulting in Ô^^O ratios near 4 or 

5%o. Of the nine gabbros analyzed, five show enrichments above typical MORB values 

figure 6.3). As described in Chapter 3, many gabbros from Tonga contain low temperature 

minerals such as zeolites, carbonate, and clay indicating interaction w ith low temperature 

fluids. P l^oclase-amphibole geothermometry in these samples, however, indicate high 

temperatures during initial alteration. Earlier I speculated that the low temperature mineral 

assemblages m ay have formed off axis, and might be associated w ith tectonic unroofing (see 

Chapter 3). This suggestion was based on observations that low-temperature alteration in 

plutonic rocks is commonly associated w ith zones o f enhanced flow due to processes of 

tectonic unroofing. For example, re-orientation of metamorphic veins to  their original
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position (prior to any tectonic disruption) with enriched isotopic values in samples from 

Hess Deep, suggest th a t macroscopic chlorite ± calc-silicate veins represent a later stage of 

fracturing resulting from  off-axis tectonism \Früh-GrænetaL, 1996; MacLeodandAdanning, 

1996; ManmngetaL, 1996]. It is possible the Tonga gabbro samples, which have enriched 

isotopic ratios, contain a low  temperature metamorphic overprint. For this reason, the 

relatively high ratios in some of the gabbros analyzed may support a late, low

temperature alteration signature associated with faulting in the forearc and subsequent 

exposure to cold seawater, possibly resulting from trench rollback.

Bonirdtes

Boninites are unusual mafic volcanic rocks common in subduction zone environments that 

are characterized by h^;h Ni, Cr, and water contents, low TiOz, and intermediate SiOz.
Boninites are interpreted to  form from partial melting of hydrous peridotite in the mantle 

wedge. The latter results from  interactions with hydrous fluids released from the down 

going slab [e.g., CarnerxmetdL^ 1983; IBchey and Frey, 1982]. Boninites are commonly glassy 

and interaction w ith seawater results in their hydration beyond normal magmatic ratios of 1- 

2 wt%. If interaction w ith  seawater occurs at low temperature (<  150°Q, it is accompanied 

by an increase in ratios to  greater than +10%o in optically fresh glass \KyseretaL, 1986].

Three boninite samples from  Tonga all show large enrichments (Figure 6.2).

Variation Along the Forearc

One of our goals was to  determine if there is any variation in the 0^*0 ratios of individual 

lithologies along the length of the forearc that could be explained by tectoruc variations, the 

starting compositions o f th e  rocks or spatial variability in hydrothermal processes. To help 

answer this question w e collected samples from three transects along the length of the 

forearc (Figure 6.1). L ittle difference is observed in the ratios of gabbros and diabases 

along the length of the  forearc; however, there is an apparent decrease in the 0^*0 of the 

basalts from south to  n o rth  (Figure 6.3). This apparent trend could result from a num ber of 

factors: 1) it could result from  variation in the primary ratios of the basalts from  south 

to north; 2) it could be related to  longer exposure to cold seawater in the south relative to 

the north; or 3) it could simply be a sampling bias. A primary control on the ratios of
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the basalts does not seem likely when immobile elements are considered. For example, 

althoi^h there appears to be a weak negative correlation between and TiOa (which is 

generally considered to be immobile under hydrothermal conditions) there does not seem to 

be any trend between and AI2Q 3 (another immobile element; see Figure 6.2). Varying

lengths of time for seawater interaction is more likely but implies a tectonic control, which 

nuiy be related to the initiation o f subduction in the Tonga forearc. This possibility requires 

an understanding of the paleogeography of the region and geometry of subduction initiation, 

which is beyond the scope of this thesis. Further analysis of available data on  forearc 

initiation and crustal accretion would be an interesting future project and could potentially 

validate the use of isotopes to address tectonic problems. However, given the available data, 

we believe the simplest explanation is that the trend represents a sampling bias.

Plagiog;ranites

Plagiogranites are rare in collections from M ORs but are commonly observed in SSZ 

ophiolites. The large collection from  dredge 96 provides an opportunity to compare 

pl^ogranites formed in a SSZ environment with those from MORs. The ratios of the

plagiogranites show a wide range of values from 5.5 to 10.6%o. Muehlenbachs and Clayton 

[1971] report ratios for a suite of diorites dredged from the Mid-Atlantic Ridge (MAR). 

In their study, nine samples ranged in from 52 to 6.9%o \_Mudjlenhaà)s and Gaytan,

1971]. Several of our samples contain plagioclase altered to low temperature phases such as 

seriate and clay. As a result, we interpret the high whole rock 6^*0 ratios as resulting from 

low temperature alteration of the plagiogranites. Like the gabbros in this study, the 

plagiogranites show enriched ratios that may have resulted from late-staged, low 

temperature interaction with fluids associated with teaonic uplift. Temperatures calculated 

from quartz and epidote mineral separates from our samples indicate alteration occurred at 

temperatures between 253 and 376°C, which is in  good agreement with the greenschist 

facies mineral assemblages found in the plagiogranites. Interpretation of 0^®0 ratios of 

mineral separates from the MAR diorites indicated that they had undergone varying degrees 

of hydrothermal alteration {léÆ enbaàsandO ayton, 1971].
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CONCLUSIONS

Whole rock oxygen isotope analyses of samples from the Tonga forearc show a similar range 

of values to those from studies of ocean crust and ophiolites. In particular, the ratios 

of the samples follow the general trend basalt >  diabase > gabbro that was previously 

identified in ophiolite studies \GregxryandTaylar, 1981; Stakes and Tczylor, 1992]. In contrast to 

these studies, however, samples from the Tonga forearc are generally more enriched in 

For example, gabbros from the Tonga forearc display enrichment in their ratios (6.3%o 

average) above normal MORB ratios (5.8 ±  0.3%o). The simplest explanation for this

enrichment is late interaction with cold seawater after initial high-temperature interaction 

with hydrothermal fluids during forearc construction. One mechanism capable of exposing 

the deep crust to cold seawater is normal faulting. Normal faults are quite common along 
the trench-facing slope of the forearc and likely resulted in tectonic unroofing during trench 

rollback. In this way, the isotopic signature of the gabbros may be linked to  tectonic 
processes operating in the forearc.

Another example of the enriched nature of the Tonga samples includes three

samples identified as boninites based on major element chemistry. These samples have the 

highest ratios of all samples studied (12-13.4%o). Previous stucfy" of these glassy rocks 

indicates they commonly display elevated ratios resulting from interaction with low 

temperature hydrothermal fluids or seawater, which explains their high values \KyseretaL, 
1986].

Basalts from the Tonga forearc show an interesting northward decrease in 

ratios. This trend could be related to the duration of exposure of the basalts to  cold 

seawater. Alternatively it could simply be a sampling bias, the former possibility is 

assumed to be true, the northward decrease in ratios could be explained by  northward 

propagation of normal faulting, and subsequent exposure to cold seawater, related to rifting 

in the forearc. However, the exact mechanism for this tectonic control is no t known.

Temperatures calculated from epidote and quartz mineral separates from  

plagiogranites indicate relatively high temperature alteration conditions, however, secondary 

mineral assemblages and whole rock ratios su rest they underwent a low  temperature 

metamorphic overprint. These characteristics are similar to those observed in gabbros and
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may have resulted from similar alteration events, including late stage interaction w ith low 

temperature hydrothermal fluids o r  seawater durir^ normal faulting.
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C h a p t e r  7

CO N C LU SIO N S

Hydrothermal circulation is a ubiquitous process operating in areas of active oceanic 

accretion. Hydrotherm al processes affect several geological and geochemical aspects of the 

oceanic lithosphere such as heat flux, crustal porosity and permeability, and crustal 

geochemistry. Hydrothermal processes also provide a link between the lithosphere and 

hydrosphere geochemical reservoirs. Most of our knowledge of oceanic hydrothermal 

processes comes from  studies of ophiolites because of their relative ease o f accessibility and 
exposure.

This thesis provides the first comprehensive study of the metamorphic evolution of 

a section of m odem  forearc crust. Hydrothermal alteration in forearcs is of particular interest 

because many ophiolites are now believed to have formed in a similar suprasubduction zone 

(SSZ) setting. Although the exact mechanism o f crustal construction in forearcs remain.»; 

unresolved, ages of rocks from the Tonga forearc suggest the entire forearc region can be 

replaced after subduction initiation. Such a m ^pia-rich  environment would have high heat 

flow capable o f supporting vigorous hydrothermal circulation. In addition, the volatile-rich 

nature of magmas in SSZ settings may have contributed fluids to the convecting 

hydrothermal cell and possibly influenced the extent and nature of crustal alteration.

The extensive suite of fresh and hydrothermally altered rocks dredged from trench- 

facing slope o f the  Tonga forearc is a unique collection that is used as a case study to 

evaluate the evolution of hydrothermal alteration in ocean crust formed in a modem SSZ 

setting. Recovered basalt, plagiogranite, and gabbro samples record a complex history of 

hydrothermal alteration resulting from interaction with seawater and possibly magmatic 

fluids. Geothermometry on the gabbros indicates the initial penetration of seawater into the 

lower crust occurred along grain boundaries and microscopic fractures at temperatures 

>800°C. As the plutonic sequence cooled, increased fracturing led to the pervasive 

replacement o f  primary minerals by greenschist and lower facies mineral assemblages. 

Overall, the alteration characteristics observed in the Tonga collection are similar to what
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has been described from both SSZ ophiolites aad MORs. However, the relatively high 

degree of alteration in basalts and the presence o f  epidosites in the Tonga collection are 

most similar to alteration characteristics observed in SSZ ophiolites. Recent studies o f  the  

volcanic sequences from the Izu-Bonin and Tonga forearcs have shown that the degree of 

alteration in forearcs is more extensive and occtmrs at higher water-rock ratios than  at 

mid-ocean ridges, and is comparable to that observed in SSZ ophiolites \A lt et dL, 1998; 

KdmanetaL, 1998]. Similarly, recent study of the incipient alteration of the plutonic sequence 

of the Semail ophiolite indicates seawater first penetrated along microfractures at h igh 

temperatures (> 700°Q, which is similar to wham is observed in Tonga \M amangetaL, in 
press].

The association of high temperature brictle deformation and fluid flow in  gabbros 

from Tonga is also documented for fast-spreadimig ridges (e.g., Hess Deep). One m ajo r 

difference between slow- and fast-spreading ridges is magma supply, which is h igher a t fast- 

spreading ridges. The temperatures recorded in the  Tonga gabbros are slightly h igher than  

those at fast-spreading ridges and may be related to distinctive tectonic and magmatic 

conditions during crustal construction in forearcs. In particular, the volatile-rich nature  of 

forearc magmas resulting from dehydration of the down-going slab in subduction zones may 

lead to a high magma supply in forearcs, similar to  the magma-rich nature of fast-spreading 

ridges. Volatile-rich magmas may also contribute to observed high water-rock ratios and play 

a role in the extent and nature of alteration in SSZ settings.

An interesting discovery in the Tonga collection is a suite of pervasively altered 

samples called epidosites. It is perhaps not surprising that the first suite of epidosites from  a 

modem oceanic setting was recovered from a fo-rearc setting since to date these rocks have 

only been described from SSZ ophiolites and no-t MORs. The Tonga epidosites have been 

shown to have formed under similar conditions to  epidosites from SSZ ophiolites, fu rther 

linking alteration processes in the Tonga forearc and SSZ ophiolites. Although th e  exact 

mechanism responsible for epidosite formation Ls not known one possibility is th a t th e  SSZ 

tectonic setting of forearcs and some ophiolites is an important factor.

An outstanding question in hydrothermal research has been the chemistry o f  fluids 

circulating deep within the oceanic crust. This problem has been addressed using a relatively 

new technique -  LA-ICP-MS -  that allows indtic analysis of trace elements in minerals. 

Epidote from epidosites was chosen for study because it is a secondary mineral th a t is
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believed to  precipitate from hydrotherm al fluids during alteration. The chemistry of 

hydrothermal epidote in epidosites from  Tonga and the Troodos ophiolite is characterized 

by generally sim ilar major element compositions but variable trace element compositions.

The similarity between patterns in epidote from  Tonga and Troodos suggest similar 

conditions w ere operating during form ation o f the epidosites, despite being separated 

geographically and in time. Mass balance calculations indicate that epidote controls the 

whole rock trace element compositions o f the epidosites (e,g., REE) due to its ability- to  

easily incorporate these elements into its crystal structure.

Replacive epidote rare earth element (EŒE) patterns mimic those of the whole rock, 

suggesting on ly  local mobility o f elements like the REE. Direct evidence from fluid 

inclusions as well as leaching experiments indicate fluids deep in hydrothermal systems are 

similar to those observed for replacive epidote from this study. It is possible that replacive 

epidote patterns represent an early stage o f alteration during which fluid compositions were 

buffered by  mafic phases (e.g., clinopyroxene) and minor plagioclase. Void filling epidote 

precipitation m ay have followed as alteration progressed and plagioclase dissolution 

increased, producing the observed positive Eu anomalies in void filling epidote patterns. 

Progressive change in fluid compositions related to mineral dissolution may explain the 

differences between void filling and replacive epidote patterns. This is particularly significant 

because fluid chemistry in the deep portion of hydrothermal systems is of great interest to  

those studying M O R hydrothermal processes and yet direct sampling of these fluids is n o t 
possible w ith current technology.

A nother important aspect o f the epidote study was to assess the relative roles o f 

epidote crystal chemistry versus fluid compositions on epidote REE contents. Application o f 

the model o f Blundy and W ood [1994] to REE partitioning in epidote indicates La should 

partition preferentially into epidote followed by  the other REE in order of decreasing atom ic 

radius, resulting in a La/Lu ratio greater than 300. In contrast, ou r measured epidote R EE 

concentrations are characterized by  La/Lu values less than 10. This difference suggests th a t 

epidote REE abundances are no t solely controlled by crystal chemistry and that fluid 

compositions m ay also play a role.

W hole rock oxygen isotope analyses o f samples from the Tonga forearc support the 

generally sim ilar nature of alteration in the Tonga forearc to that observed in ocean crust and 

ophiolites. Cbtygen isotope ratios follow the general trend of basalt >  diabase >  gabbro.
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which can be simply attributed  to  increasing alteration temperature. Gabbros fro m  th e  

Tonga forearc display enrichm ent in  their 5^®0 that is likely related to late-stage in teraction  

w ith low temperature fluids, possibly during faulting associated with tectonic un roo fing . 

Basalts in this study show an interesting northward decrease in ratios th a t co u ld  be 

related to the duration o f exposure to  cold seawater or may be a sampling bias; how ever, this 

remains unresolved. Similarly, tem peratures calculated from epidote and quartz m ineral 

separates from plagiogranites indicate relatively high temperature alteration cond itions, 

however, secondary m ineral assemblages and whole rock ratios su re s t low  

temperature alteration. These contradictory characteristics may also have resulted fro m  late 

stage interaction with low  tem perature fluids long after initial high temperature hydro therm al 
circulation.

This thesis provides a fram ew ork w ith which future studies of alteration in  forearcs 

can be compared. Samples o f basalt, plagiogranite, and gabbro from the T onga fo rearc  

record the time integrated effects o f hydrotherm al fluid flow, including initial p en etra tio n  of 

seawater, pervasive replacem ent o f prim ary phases at high temperatures, gradual cooling  and 

sealing of fractures, and late overprin ting by low temperature fluids. Overall, a lte ra tio n  in the 

Tonga forearc is generally sim ilar to  that observed at MORs and SSZ ophiolites. H ow ever, 

the presence of high tem perature b rittle  deformation is more similar to fast-spreading ridges 

and SSZ ophiolites. D ifferences betw een alteration in the Tonga forearc and M O R s include 

the high degree of alteration in  volcanic rocks and the presence of epidosites, w h ich  m ay be 

related to the volatile-rich nature o f magmas produced in SSZ tectonic settings. H ig h  volatile 

contents in magmas could increase the  water-rock ratio during alteration, resu lting  in  m ore 

pervasive alteration, and possibly th e  generation of epidosites. For these reasons I  believe 

alteration in forearcs is m ore sim ilar to  SSZ ophiolites than MORs and that tec to n ic  setting 

plays a role in some hydrotherm al processes. Finally, development of the use o f th e  trace 

element chemistry of a variety  o f secondary minerals will contribute to a better 

understanding of how fluid com positions evolve deep within hydrothermal system s.
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SAM PLE PETR O G R A PH Y

The following pages contain brief descriptions of 121 thin sections used for this stucfy'. 

Sample location, rock type, and form were taken from shipboard descriptions, hi several 

cases, the rock type has been modified from the original deck description to better reflect 

pétrographie observations. Sample numbers are presented in the following format: (dredge 

number) -  (rock type) -  (sample number). Rock type numbers were arbitrarily assigned on 

board once the dredge was recovered and are not consistent between dredges. Sample 

numbers were assigned in the order in which they were processed Question marks 0  are 

used throughout wherever an observation is uncertain. Abbreviations: Q tz = quartz; C h i = 

chlorite; Ep = epidote; Zeol = zeolite; Plag = plagioclase; O px = orthopyroxene; C px = 

dinopyroxene; Pyx = pyroxene; OI = olivine; Amph = amphibole; Serp = serpentine; A p = 

apatite; Idd = iddingsite; Ser = seriate; Garb = carbonate; Mag = magnetite; Titan =  titanite; 

O x = oxides; VFG = very fine grained; FG = fine grained; M G  = medium grained; C G  = 

coarse grained; GM = groundmass; TS = thin section; TT = Tonga trench; cont = contains; 

xl = crystal; ind = indusion; perv = pervasive; w = with; min = mineral; It = ligjit; F I =  

fluid inclusion; PPL = plane polarized light; repl = replace; alt = alteration/altered; b iref -= 

birefringence; prim = primary; end = enclosir^.



Sample Location Rock Type Form Mineralogy & Texture Alteration Comments

81-2-8

West facing scarp- 
TFB transect

Plagptiyric
andeslte

angular clast FG Plag microlltes In a cryptocrystalline 
matrix; Plag microlltes stiow evidence of flow; 
vesicles are filled witti epidote; possible relict 
Cpx?

Sample pervasively altered with a green 
colour; vesicles filled with epidote; GM Plag 
altered to yellow brown material + epidote; 
fractures and GM contain abundant epidote

one part of slide appears 
brecclated and Is altered to Ep 
+ Chi+opaques

81-2-9

West facing scarp- 
TF8 transect

Plag ptiyric 
volcanic

angular clast F to MG Plag grains In VFG matrix; sample 
contains vesicles tilled with epidote+Qtz + 
Zeol?

Plag Is pervasively altered to epidote; vesicles 
filled with Ep + Qtz + Zeol?; sample has a 
green colour; probably some Chi but hard to 
tell

colourless mid bIref mln (thick 
Qtz?); VFG Sulildes

82-3-2

lower onstrore slope 
TT, Sot Louisville 
ridge Intersection

gabbronorite
(Plag-ricb
troctollte)

angular clast MG olivine + Plag with minor Opx; olivine and 
OPX are highly fractured; Plag Is also 
fractured and all are rounded at grain 
boundaries

01 and OPX are pervasively altered to 
serpentine and chlorite? w minor Idd and 
Oxides; Plag is altered to sericlte? and brown 
clay; some Plag is rê :rystalllzed at grain 
boundaries.

abundant colourless amphibole 
at grain boundaries; FG Amph 
fills spaces

82-3-8

lower onstiore slope 
TT, S of Louisville 
ridge Intersection

gabbronorite angular
clast?

M to FG Cpx, Plag, minor 01, OPX and 
Oxides; xls are broken and fractured; 
porphyroclasis are set In a FG GM of re- 
crystalllzed Plag, brown day and other 
secondary minerals; deavage Is bent In CPX 
and Plag.

01 is completely replaced by secondary 
Oxides, Talc? and colourless amphibole?; 
Plag Is pervasively altered to brown clay? and 
sericlte; CPX Is cross cut by small velnlets of 
a brown mineral (clay?); yellow-brown clots 
may be olivine pseudomorphs

bright blue-green mineral? at 
CPX grain boundaries; 
zeolites? In vesicles & veins;

87-1-1

east-facing scarp on 
a trencti-slope break 
filgti

diabase angular clast F to MG Qtz, Plag, CPX, minor 01, OPX & 
opaques (pyrite); yellow-brown amphibole 
(some green aclcular) and day fills Interstices 
between Plag and Cpx grains; Plag shows 
wormy text (myrmeklte?)

Plag Is relatively fresh wllh minor alteration to 
sericlte and brown clay along fractures; Cpx Is 
rimmed by yellow brown-amphlbole; dark red- 
brown hematite patches may be olivine 
pseudomorphs

chlorite intermixed wllh yellow- 
brown amphibole?; opaques 
have ophltic text enclosing Plag 
and Amph.
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Sample Location Rock Type Form Mineralogy & Texture Alteration Comments

88-1-7

top of seamount 
feature dredged on 
087

Ol-Plag-Cpx 
ptiyric andeslte

subangular
clast

FG Plag, Qtz, and Cpx set In a VFG GM; GM 
is tilgtily altered and replaced by colourless & 
green Amph ± red-brown Oxides; Cpx grains 
are fractured and sometimes rounded

Piag is altered to secondary Piag sericlte and 
brown clay; GM Is pervasively altered to 
brown clay, chlorite?, and secondary Oxides; 
narrow zeolite? veins crosscut sample.

bright biue-green mineral?; 
isotropic mineral; euhedral 
Oxides; Oxides associated with 
titanite; celadonite

88-1-8

top of seamount 
feature dredged on 
087

Ol-Plag-Cpx 
ptiyric andeslte

subangular
clast

Î G Plag and aclcular Cpx In a glassy GM w 
minor Opx and smaii equant olivine grains; 
bonlnltlc type text; some Opx is mantied by 
Cpx aiong grain boundaries and cieavages; 
some Piag grains are zoned.

Small velnlets crosscut the sample and 
contain zeolites? and caicite; smaii brown 
patches may be alteration after Pyx; some 
Pyx are altered along grain boundaries.

feathqry crystal form?; blue- 
green mineral?

88-1-19

top of seamount 
feature dredged on 
087

Plag and Pyx 
ptiyric andeslte

subangular
clast

glomeroporphyritic Piag, Cpx and Opx 
phenocrysts in a VFG GM of F̂ x, Piag and 
glass; phenocrysts are euhedral with iittle sign 
of alteration some Pyx are fractured; some 
Piag is zoned; some Opx is zoned,

GM is altered to brown day?; velnlets of 
zeolite? mineral crosscut the sample.

fresh; some big fluid inclusions 
In phenocrysts.

90-2-5

TT mid-slopes aptiyric basait subangular
dast

VFG Piagiociase and Cpx with skeietai 
Oxides; small patches of red-brown hematite 
are observed as weli as some chiorite?

The sample is cut by several velnlets filled 
with quartz ± zeolites with possible epidote 
aiong margins?; veins of serpentine?

not pervasively altered; whole 
TS displays interesting pink 
discolouration pattern

90-4-1

TT mid-slopes gabbronorite angular clast granuiar F to MG Cpx and Piag with minor Oi? 
and Oxides; Opx?; grains are relatively fresh; 
Cpx poiklliticaily encloses Piag; oiivine is 
completely replaced by serpentine, brown clay 
and colourless amphibole ± Talc.

smaii velnlets crosscut the sample containing 
FG colourless adcuiar amphibole?; also 
zeolite minerals?; patches of FG colouriess 
amphibole? may be olivine pseudomorphs; 
Cpx altered along grain boundaries.

FG amphibole? and epidote? in 
veins

151
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90-4-2

TT mid-slopes gabbro noiite angular clast granular MG Cpx, Opx, Plag, and minor Oi? 
and Oxides; Pyx stiow exsoiution aiong 
cleavage; Piag is relatively fresti but cut by 
tiny velnlets of brown clay?; Opx and Cpx 
olkocrysts enclose Plag,

Oxides are replacing Pyx along cleavage; Oi 
Is completely pseudomorphed by serpentine. 
Oxides and colourless amphibole; sample Is 
cut by small light brown to colourless velnlets 
containing aclcular mineral; Opx altered to 
brown mineral ± serpentine

FG colourless amphibole 
velnlets?

90-4-3

TT mid-slopes gabbro angular clast pervasively altered, MG Cpx, Plag, FG 
Oxides, and minor Opx?; Piag is altered aiong 
fractures and at grain boundaries to clay; Pyx 
is altered to colourless and green amptiiboie 
aiong grain boundaries and aiong cleavage

the sample Is cut by several veins which 
contain fibrous and prismatic, green and 
colourless amphibole, and chlorite; quartz ± 
zeolite veins are also observed; one side of 
the sample appears to be more pervasively 
altered; vein may be faulted

chlorite appears to occupy vein 
margins with amphibole 
(granuiar vs. aclcular) cores; 
high T?; some alteration 
patches have cores of Amph 
and chlorite rims

90-4-4

TT mid-slopes gabbro norite angular clast MG anhedral Cpx, Opx, and Piag with minor 
Oxides; Pyx are ophltic and enclose subhedrai 
Piag laths; sample fresher than 90-4-3

the sample Is criss-crossed by net veins 
containing chiorite and brown day; Opx and 
Cpx are altered to chiorite at grain boundaries; 
Plag is altered to brown day; brown clots 
containing Serp. with mesh text may be 01 
pseudomorphs

90-4-7

TT mid-slopes gabbronorite subangular
clast

pervasively altered, MG Cpx, Opx and Piag; 
Plag Is completely recrystallized; Pyx are 
deformed and broken with bent cleavage; 
some high relief epidote (anomalous blue)?

almost all grains are pseudomorphed and 
replaced by chlorite and brown clay; the 
sample Is cut by small velnlets containing 
quartz ± zeolites

epidote??
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94-1-1 A&  
B

upper slope Tonga 
trench

Oxide gabbro 
norite

angular block MG Cpx, Opx, Plag, and Oxides; Oxides are 
Interstitial and poiklliticaily enclose Cpx & 
Plag; large Opx grains poikilitically enclose 
Cpx, Plag, & Oxides; some sulphide in B.

Opx is altered chlorite and green-colourless 
Amph; small velnlets cross cut the sample 
which contain zeolites? & chlorite; green 
amphibole Is present at Cpx grain boundaries 
and mineral Interstices; Plag Is altered to 
brown clay along fractures

green Amph high T?

94-1-2

upper slope Tonga 
trench

olivine gabbro angular block MG to FG Cpx, minor Opx, Plag and 01 wllh 
minor Oxides; small euhedral zircon; prismatic 
green amphibole grains fill Interstices; epidote 
+calclte associated with chlorite at Plag grain 
boundaries; some Oxides (ill interstices 
between prim minerals.

01 pseudomorphed by secondary magnetite + 
Chi + Talc ± Amph; green Amph Is present as 
alteration rims on Pyx and In mineral 
Interstices; Pyx has a mottled appearance & Is 
altered to Chi + colourless Amph; small 
velnlets containing Chi ± Zeol cut sample

modal layering; weak foliation 
delined by aligned Plag laths; 
Interesting samplelll; wormy 
text observed in one area (may 
be after 01)

94-1-3

upper slope Tonga 
trench

Oxide olivine 
gabbro

angular block FG to CG Cpx, minor Opx, 01, Plag and 
Oxides; Pyx are ophltic and enclose Plag 
laths; Oxides are interstitial and some contain 
Plag inclusions; some Oxides display wormy 
text; some primary 01; Plag shows evidence of 
compositional zoning

olivine is pseudomorphed by Idd, 2nd 
magnetite & Talc; Cpx altered to chlorite and 
Amph; Opx almost completely replaced by 
chlorite; some small velnlets contain brown 
clay ± chlorite; Pyx have mottled appearance; 
some Intergranular amphibole

some reaction texts In Pyx 
(myrmeklte); High Tt?

94-1-6

upper slope Tonga 
trench

Oxide gabbro 
norite

subangular
block

F to CG Plag laths with M. to CG anhedral 
Cpx and Opx; F*yx is ophltic and encloses 
Plag laths; minor fresh 01 is present; some FG 
interstitial Oxides

primary 01 Is altered to 2nd magnetite and 
Talc along grain boundaries; brown pseudo 
are also present; Cpx and Opx are altered to 
green-brown amphibole and chiorite; the 
sample Is cut by one 2mm chlorite/zeolite vein 
and several tiny velnlets

described as sub-ophitic to 
pegmatitic; Plag is altered to 
brown day; sample is relatively 
tresh; F*yx display mottled text; 
fibrous and prismatic green 
Amph Is found In Interstices
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96-1-1

upper slope Tonga 
trench

Dlorlte angular
fragment

M to CG Plag/K-spar and quartz with Oxides; 
no Pyx; FG euhedral epidote grains are 
associated with Piagiociase; Piag/ K-spar and 
quartz are intimateiy intergrown in a wormy 
(granophyric) text

feldspar Is pervasively altered to brown clay; 
chlorite clots are found In the section possibly 
replacing Amph; epidote is seen replacing 
Piag; some chiorite patches contains yellow- 
brown high biref, mineral possibly Amph,

described as having pegmatitic 
patches; up to 1cm magnetite 
xis; large pink mineral InTS 
(opaque) - Oxide?????; look for 
apatite

96-1-2 A& 
B

upper slope Tonga 
trench

DIorite angular
fragment

F to MG K-spar/Plag, quartz and Oxides; 
similar to 96-1-1 but finer grained; this sample 
contains coarse grained epidote; K-spar/Plag 
and quartz are intimateiy intergrown in a 
wormy (granophyric) text; simpie twins in 
feldspars

feldspar Is pervasively altered to brown clay, 
chlorite & epidote; chlorite clots are found in 
the section possibly replacing Amph; some 
zeolites

look for apatite; saucerite??

96-1-3

upper slope Tonga 
trench

dlorlte angular
fragment

F to MG Qtz, Piag, biue-green Amph 
(primary?) and Oxides ± apatite?; MG epidote 
associated with Plag; some Plag is comp 
zoned; most Plag Is euhedral-subhedral; 
Amph fills interstices; Plag and Qtz exhibit 
granophyric text; some Oxides are euhedral,

pervasively altered; Amph and Piag are 
altered to FG chiorite and epidote; Piag is 
almost completely sericltlzed; epidote Is 
abundant and associated with Plag; some 
amphibole aclcular some prismatic (later may 
be primary); no Pyx

colourless, acicuiar, high relief, 
low biref min may be apatite; 
quartz contains abundant fluid 
Inclusions; Evolved sample

96-1-5

upper slope Tonga 
trench

dlorlte angular
fragment

similar to 96-1-3; MG anhedral Qtz, euhedral 
Piag, an-subhedral Amph and minor Oxides ± 
apatite; Oxides seem associated with Amph; 
both prismatic and acicuiar Amph; epidote 
associated w Piag; Qtz and Piag display 
granophyric text; comp zoning in Piag

pervasively altered; Amph and Piag are 
altered to FG chlorite and epidote; Piag is 
almost completely sericltlzed; epidote is 
abundant and associated with Piag; some 
amphibole acicuiar some prismatic (later may 
be primary); no Pyx

colourless, acicuiar, high relief, 
low biref min (some hexagonal 
x-section- apatite; quartz 
contains abundant fluid 
inclusions; Evolved sample; 
some brown Amph (primary?)
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96-1-11

upper slope Tonga 
trench

gabbro or gabbro 
norite

angular
fragment

MG Cpx & Opx phenocrysts In a FG GM of 
Plag, Cpx, Opx & Oxides; Opx displays 
compositional zoning; Pyx phenocrysts are 
relatively fresh; some Oxides are euhedral; no 
evidence of 01 psuedomorphs

sample Is pervasively altered; Plag Is altered 
to FG sericlte, epidote and chlorite; Pyx are 
fractured and altered to FG Amph and Chi; 
GM Is pervasively altered to FG Amph, Chi, 
epidote, and sericlte;

some brown-green Amph in 
GM; GM Is pervasively altered; 
abundant chlorite; some 
sulphides present

96-1-14

upper slope Tonga 
trench

Epidoslte angular
fragment

FG Qtz, Plag, epidote, chlorite, apatite, 
Amph? and Oxides; granular Ep In GM; 
Oxides associated with high biref mln - 
titanite?; sample Is cut by hairline fractures 
filled with low biref min

Plag Is almost completely sericltlzed and 
altered to assemblages of epidote and 
chlorite; no Pyx seen although some patches 
of Chl-Ep-Amph? may be Amph 
pseudomorphs

apatite x-sectlons contain 
fluid inclusions; Chi 
su ggests low temp.

96-1-15

upper slope Tonga 
trench

dlorlte- 
epidotized

angular block similar to 96-1-14; FG Qtz, Plag, epidote, 
chlorite, apatite, Amph? and Oxides; granular 
Ep In GM; Oxides and yellow-brown mln 
associated with Pyx pseudomorphs; minor 
granophyric text

Plag Is almost completely sericltlzed and 
altered to assemblages of epidote and 
chlorite; no Pyx seen although some patches 
of Chl-Ep-Amph? may be Amph 
pseudomorphs; Oxides altered to red clots

apatite x-sections contain 
fluid inclusions; Chi 
su ggests low temp.

96-1-16

upper slope Tonga 
trench

dlorlte angular
blocks

FG Qtz, Plag, Ep, Chi, apatite and Oxides; Ep 
Is minor; Oxides associated with high 
biréfringent mineral - titanite? and Chi; quartz 
Is highly fractured and deformed; minor 
granophyric text

Plag Is almost completely sericltlzed; no Pyx 
seen; Oxides altered to red clots; sample Is 
cut by hairline veins filled with Qtz? (low biref); 
Qtz vein? (3mm) cuts sample

sample mostly consists of Plag 
and Qtz.

96-1-19

upper slope Tonga 
trench

dlorlte-
granophyric text

angular block sample contains mostly F to MG Qtz and Plag 
w minor Ep, Chi, apatite and Oxides; Plag 
and Qtz are Intimately Intergrown In a 
pronounced granophyric text; sample Is cut by 
a 3mm shear zone containing recrystalilzed 
Qtz, Plag & Ep

shear zone Is cut by narrow epidote vein 
containing granular Ep,; Plag Is extensively 
replaced by sericlte and Ep; Chi Is somewhat 
secondary but replaces Plag; some high biref / 
high relief minerals may be Amph?;

Ca metasomatism!; abundant 
epidote in veins; Oxides are all 
to red clots (particularly near 
Ep, vein)
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96-1-27

upper slope Tonga 
trench

dlorlte angular
fragment

F to MG Qtz, Plag, Chi, titanite, Ep, minor 
acicuiar Amph (green and yellow), apatite and 
Oxides;

relatively abundant titanite assoc, w Ox and 
Chi (possibly prim Amph pseudo); Plag Is 
extensively replaced by sertdte and Ep; 
granular Ep In ground mass; minor yellow- 
brown mln may be Amph;

abundant titanitel associated  
w Oxides and Chi

96-1-28

upper slope Tonga 
trench

dlorlte angular
fragment

FG Qtz, Plag, Chi, Amph, Ap and 
disseminated Oxides; primary text Is almost 
gone; sample is cut by a few narrow velnlets 
containing yellow-brown clay?;

Oxides associated w yellow brown aclcular 
Amph?; Plag Is heavily seridtized and altered 
to Chi and Ep; some evidence of Amph 
pseudomorphs allered to Chi.

abundant Oxides;

96-1-29

upper slope Tonga 
trench

FG dlorlte w 
chilled margin oi 
basaltic dyke

angular
fragment

dlorlte - FG Qtz, Plag, Ep, Chi, Oxides, titanite 
and Ap; basalt - Plag/Cpx phyric w Plag/Cpx 
GM; Plag Is sericltlzed and altered to Ep +
Chi; some Oxides are euhedral; dlorlte GM 
has granophyric text; abundant granular Ep In 
diorile;

sample Is cut by 3-4 mm vein containing Chi + 
Ep ± Amph?: titanite Is moderately abundant 
and associated w Oxides and Chi (Amph 
pseudo?); Cpx phenocrysts In basalt are 
altered to Chi and Plag phenocrysts are 
sericltlzed; narrow late veins cut chilled 
margin

Very interesting sampiet; 
yellow-brow n mineral 
associated w Oxides; figure 
out timing

96-1-35

upper slope Tonga 
trench

trondhjemlte;
epidotized
Plagiogranite

angular
fragment

FG to MG Qtz, Plag, Ep, Chi, aclcular Amph?, 
titanite; no Oxides; granophyric text; abundant 
granular Ep;

Plag altered to serldle, Ep, and Chi; lots of 
epidote; loss of primary igneous text; small 
eutiedralAp and titanite

Very evolved; fluid 
inclusions in Qtz

96-2-1

upper slope Tonga 
trench

diabase angular
fragment

FG Plag, Qtz, Amph, Pyx?, Ep, Chi, Oxides ± 
zircon?; sample Is cut by a 1 cm wide zone 
containing abundant Ep, Chi, Amph; Plag Is 
completely altered In the zone otherwise 
mineralogy is similar;

Plag is altered to seridte, Ep, Chi; Pyx? 
altered to Amph & Chi; narrow Ep velnlets cut 
sample In alt zone; primary text In Ep zone Is 
completely gone; pervasively altered

double check Pyx/Amph; not 
sure if Pyx (may be colourless 
Amph); check yellow-brown mln 
In alt zone - phylloslllcate?
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96-2-2

upper slope Tonga 
trench

sparsely Plag 
and Cpx phyric 
t)asalt

angular
fragment

few Cpx and Plag phenocrysts In a FG matrix 
of Plag, Cpx, Chi, Oxides and aclcular Amph 
± titanite; some comp zoning In Plag; Oxides 
associated w minor titanite

sample Is cut by numerous narrow zeolite? 
velnlets; Plag Is altered to sericlte and Chi; 
Chi patches are abundant ■ some assoc, w 
Amph; Cpx altered to Chi ± Amph; sample 
relatively Iresh; Oxides allered to red clots

zeolite ± Qtz? veins suggest 
low temp

96-2-4

upper slope Tonga 
trench

FG diorile w 
trasalt chilled 
margin

angular
fragment

Plag-Cpx-OI phyric basalt w chilled margin on 
FG Qtz-Plag-Chl-Ep-Ap-Htan dlorlte; 
granophyric text; titanite associated w Oxides

Plag altered to sericlte ± Ep; no primary Pyx 
or Amph; sample Is cut by early VFG Qlz?-Ep 
velnlets; early velnlels cut by Ep veins; Ep 
veins end at chill

Excellent x-cutting 
relationships between vein 
and chiiied margin!; fiuid 
inclusions In Qtz

96-2-5

upper slope Tonga 
trench

FG dlorlte- 
diabase

angular
fragment

FG Piag, Qtz, Amph, Chi, and Oxides; 
abundant FG Oxides

sample Is cut by narrow Ep ± ? velnlets; 
brown Amph Is altered to Chi; Plag altered to 
sericlte ± Chi ± minor Ep;

fluid Inclusions In Qtz

96-2-7

upper slope Tonga 
trench

Cpx phyric 
basaltic andeslte

subangular
fragment

Cpx ± Opx phenocrysts in FG matrix of Plag, 
Qtz, Chi, Amph, Ep, Ap, and abundant 
Oxides; some titanite assoc, w Oxides

Cpx Is altered to Chi and Amph; Plag Is 
sericltlzed and altered to Ep + Chi; the sample 
is cut by several narrow velnlets filled with 
zeolites ± Qtz; some Oxides Oxidized to red 
clots; few Ep ± Qtz velnlets

fluid Ind In Qtz

96-2-8

upper slope Tonga 
trench

Cpx ± Opx phyric 
basalt

subangular
clast

matrix consists of Piag, Cpx, Opx?, Chi, 
Oxides, minor Ap, Ep, & Amph; some Pyx are 
comp zoned

Plag is allered to sericite, Chi and Ep; Pyx are 
altered Chi ± Amph; some Oxides allered to 
red clots

fluid Ind In Qtz

96-2-13

upper slope Tonga 
trench

FG dlorlte subangular
clast

FG Plag, Qtz, aclcular Amph, Chi, Oxides, 
minor Ep; sample is shows evidence of 
deformation - Qtz grains fractured;

Plag altered to sericite and minor Ep; 
amphibole altered to Chi; Amph may be 
primary; sample is cut by several velnlets 
which contain zeolites ± Qtz?

fluid Incl In Qtz;
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96-2-17

upper slope Tonga 
trench

diabase angular clast FG Plag, Qtz, Cpx, Amph, Chi, Ep, and 
Oxides; few Cpx phenocrysts otherwise FG; 
primary text hard to distinguish; some Oxides 
allered to red clots

Plag almost completely altered to sericlte, Chi 
and minor Ep; Cpx altered to Amph + Chi; 
abundant Chi In TS; possible Oxidation along 
narrow fractures -> yell-red tinge to Chi

pervasively altered

99-1-3

SE ol Vava'u Group, 
upper part of lower 
trench slope

olivine
gabbronorite

sub angular 
fragment

Î G Plag, Cpx, Opx and minor 01 with some 
Chi, Amph, and Oxides; sample Is relatively 
fresh;

sample cut by 2-3mm vein containing zeolite 
minerals?; surrounding area Is altered; Plag 
altered to sericite ± Chi; Cpx and Opx altered 
to Chi ± Amph ± Oxides; 01 altered to Chi, 
Mag, Talc, Idd;

relatively fresh

99-1-5

BE of Vava'u Group, 
upper part of lower 
french slope

gabbronorite subangular
fragment

MG Plag, Cpx, Opx, Chi, Amph (some 
aclcular); sample relatively fresh except near 
veins; some Pyx show exsolution; alteration 
patches containing 2nd Mag, Amph ± Talc 
may be 01 pseudo

sample Is cut by white tracluresAfelns; GM 
proximal to veins Is pervasively altered; Plag 
altered to FG sericlte; Pyx altered to Amph 
and Chi; veins filled with FG equivalent to GM 
± zeolites; otherwise sample Is fresh

99-1-6

BE of Vava'u Group, 
upper part of lower 
trench slope

gabbr^gabbro
norite

sub fragment CG Cpx, Plag, minor Opx + Chi; sample Is 
pervasively all; some Pyx have sub ophltic 
text; minor exsolution In Pyx; some green 
acicuiar Amph; most Amph colourless; only 
minor Oxides

sample pervasively alt; Plag almost 
completely alt; Plag alt to FG sericite+Chi; 
Pyx alt to Amph + Chi; sample cut by 
numerous narrow veins filled w Chi+Amph + 
minor zeolites; some sections of GM 
completely alt to Chi+Amph; Opx alt to Serp?

sample pervasively alt; Amph 
veins!
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99-1-8

SE of Vava'u Group, 
upper part of lower 
trencti slope

01 gabbro norite sub fragment M to CG Cpx, 01, Piag, with minor Opx, Chi, 
Amph, 2nd Mag + Idd; Pyx have sub ophltic 
text enclosing Plag; Pyx have minor 
exsoiution; most 01 fresh w fractures 
containing Serp + Chi ± Amph+Talc + 2nd 
Mag

all is patchy containing Amph + Chi; some 
small velnlets cut sample; 01 alt to Chi + Talc 
+ 2nd Mag+Amph; some patches appear to 
cont FG Qtz? ± Plag?; possible 
reciystalllzatlon; patches possibly contain 
zeolites?; 01 alt to red-brown patches - Idd

Pyx alt to Amph iChI; 01 
altered near Chi patches 
otherwise fresh; Interesting 
alteration pattern;

99-1-11

SE of Vava'u Group, 
upper part of lower 
trench slope

01 gabbro norite sub fragment CG Plag, Cpx, 01 + minor Opx; minor 
exsollution in Pyx along cleavage; sample Is 
relatively fresh; minor Oxides - mostly sec; 
sample is ct by numerous velnlets filled with 
zeolites;

GM proximal to veins Is pervasively alt; Piag 
alt to FG sericite and clays; Pyx alt to Amph ± 
Chi; all 01 partially ait to Talc + Mag + Idd 
■(■Amph; some fresh 01 observed

some Pyx have sub ophltic text; 
zeolites suggest low temp; 
possible Amph-Plag 
geothermometer;

99-1-17

SE of Vava'u Group, 
upper part of lower 
trench slope

01 gabbro sub round 
clast

Plag, Cpx, 01, ±0px; abundant Oxides; Cpx 
and 01 phenocrysts In a FG GM of Plag laths 
+ Pyx+ 01; some Pyx zoned; some 01 fresh;

sample Is cut by numerous velnlets filled with 
Qtz ± zeolites; GM Is perv alt w patch of Chi 
± Amph; Plag is alt to FG sericlte ± clay?; Pyx 
alt to Chi+Amph; some colourless Amph In 
veins?; some Ox reddish- brown; phenocrysts 
relatively un alt

Pyx looks like 01; double 
check; sample perv all; temp 
unsure; some Ep replacing 
Plag; Ep occurs as fine 
granular grains;

99-1-21

SE ol Vava'u Group, 
upper part of lower 
trench slope

gabbro (minor 01) sub round 
clast

CG Plag, Cpx, w 01; sample is relatively fresh; 
cut by narrow Amph ±Plag? veinlet apptOx 
1mm; 2nd Oxides;

relatively fresh distal from vein; 01 alt to Talc + 
Amph+Mag+Idd; some fresh 01 pres; Cpx 
alt to Amph; Plag alt to FG ser ± clay; 
proximal lo vein GM is perv alt; vein contains 
aclcular colourless to It green Amph ± Plag?; 
smaller velnlets extend from single vein;

may be good for Plag Amph 
geotherm; som e exsollution 
In Pyx; sample relatively 
fresh; MIGHT?
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99-1-26

SE of Vava'u Group, 
upper part oflower 
trench slope

gabbro angular clast Plag + Cpx w minor 01 and Opx; some Pyx 
have exsollution along cleavage; sample 
relatively fresh; some second Oxides 
observed;

sample cut by numerous veins containing 
zeolite minerals; some veins contain 
colourless Amph; veins cont fraGfi4ents of 
GM; sample perv alt proximal to veins; Plag 
alt to ser and recrystalllze proximal veins; Pyx
all Id Amph * Chi; patch ol Amph t Talc
+Mag + Idd may be 01 pseudo

Interesting lo probe Amph in 
veins and zeolite minerals; 
veins also contain other low 
relief/relief minerals; sample Is 
relatively fresh

99-1-27

SE of Vava'u Group, 
upper part of lower 
trench slope

norite (dominant 
Pyx Is Opx)

angular clast CG Plag and Opx w minor Cpx endosing Plag 
and Opx poiklliticaily; some Cpx exsollution In 
Opx; sample Is relatively fresh; no primary 
Oxides;

a few veins cut the sample which contain 
zeolites?; GM alt proximal to veins; Plag alt to 
FG ser + minor Ep; Pyx all to colourless Amph 
+ Chi along fractures and green boundaries; 
there Is minor prismatic Amph In vein

check Amph comp In veins; 
sample relatively fresh; some 
minor Oxides

99-1-30

SE of Vava'u Group, 
upper part of lower 
trench slope

gabbronorite and clast CG Plag, Cpx and minor Opx w some CG 
colourless Amph; some Pyx sub ophltic; 
evidence of deformation and possible 
recrystallizatlon?

sample pervasively all; Plag all to FG ser+ 
Chi; Pyx alt to colourless Amph + Chi; sample 
cut by number veins filled w zeolites? + Amph 
+ Chi; GM proximal to veins cuts across 
primary minerals;

GEOTHERMOMETRY?; HIGH 
T?

99-1-33

SE of Vava'u Group, 
upper part of lower 
trench slope

gabbronorite angular clast CG Plag, Cpx and Opx; Opx and some Cpx 
show exsolution along deavages; some Pyx 
sub ophltic end Plag; grains are usually 
subhedrai;

sample cut by numerous veins filled with 
zeolites? ± Qtz; GM proximal lo veins perv alt; 
Plag alt to FG ser ± Chi; Pyx all to colourless 
Amph ±Chl; some Pyx In GM all along green 
bound to Amph;

difficult to tell vein minerals due 
to FG nature; sample generally 
fresh; evidence of deformation 
andfraduring near veins;

99-2-1

SE of Vava'u Group, 
upper part of lower 
trench slope

alt diabase or 
mlcrogabbro

sub rounded 
dast

F to MG Plag + Cpx+Amph + Chi + zeolites? 
+ Oxides; sample highly deformed; GM 
minerals highly fradure

sample cut by numerous veins filled with Chi + 
zeolites ± Amph; GM proximal to veins highly 
alt; Plag alt to ser ± Chi; Cpx alt to Chi + 
Amph;

interesting x-cutting 
relationships; GM distal from 
veins relatively fresh
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99-2-8

SE ol Vava'u Group, 
upper part oflower 
french slope

Basaltic
Epidoslte

sub rounded 
clast

FG Qtz + Ep + Amph + Chi + Oxides; igneous 
text gone; epldositellll

complete loss of Igneous text; abundant 
Oxides; amygdule filled w granular Ep ± 
Amph; GM perv alt to Chi+Amph + Ep;

some apatite; possibly some 
Plag but difficult to tell;

99-2-12

SE of Vava'u Group, 
upper part of lower 
french slope

basaltic andeslte; 
epidotized basalt

angular block similar to 99-2-8; FG Qtz-Ep-Chl-Amph w 
minor apatite; sample contains abundant 
Oxides; sample contains more Chi than 99-2- 
8; splays of green Ep ± Amph fill vesicles; 
epidoslte?

primary text gone; epidoslte?; some round 
structures appear to be vesicles filled w green 
Ep+Amph; no fresh Plag; Oxides somewhat 
alt; FI In Otz;

pervasively alt;

99-2-21

SE of Vava'u Group, 
upper part of lower 
french slope

volcanic breccia angular block 2 sections - one F to MG Plag Cpx w minor 
Opx which grades into FG basalt sparsely 
phyric w Cpx; CG section contains sparse 
opaque minerals; basaltic clast contains 
zeolites in veins and vesicles

last completely alt to Chi ± zeolites?; zeolites 
restricted to amygdules and veins; CG section 
has alt of GM lo Chi; Plag Is all lo FG ser ± 
clay ± Chi; Pyx appear fresh; some all of Pyx 
to Chi;

grain size gradation Is sharp In 
some places and gradual In 
others; Interesting sample of 
breccia; some min grains are 
fractured;

100-1-6

upper portion of lower 
slope, ESE of vava'u 
Group

ait mlcrogabbro 
or diabase

angular clast FG Plag laths, Cpx+Oxides w minor Opx; 
sample is Cpx and Plag phyric w phenocrysts 
up to 3-4 mm; interstices are filled w 
cryptocrystalline material which has been alt

Plag laths altered to FG ser± clay ± Chi; Pyx 
relatively fresh; some Pyx alt to Chi ± Amph; 
GM alt to green-brown material; possibly Chi 
± clay;

some evidence of fracturing of 
grains and deformation; some 
zoning in Plag;

100-1-40

upper portion of lower 
slope, ESE of vava'u 
Group

diabastc basalt angular block FG Plag-Cpx-Ox w minor Opx?; interstices 
are filled w FG material; some Plag grains are 
zoned

GM alt to green-brown mat - possibly day ± 
Chi; Plag alt to ser ± Chi ± clay; Pyx relatively 
fresh; some Pyx alt along fractures to Chi ± 
clay

GM perv alt although alt does 
not affect phenocrysts 
extensively

101-1-14

mid-slope high, 
Tonga trench

altered Cpx 
phyric diabase

angular clast porphyritic to glom-porphyritic w phenocrysts 
of Cpx ± Opx; GM contains Plag, Cpx, Chi, 
Oxidest Opx; sample cut by num velnlets 
filled w Carb+Zeol; GM may contain Otz?;

phenocrysts are generally fresh; GM altered w 
clots of Chi (possibly replacing Pyx); Plag all 
to FG ser ± Chi; some evidence of increased 
alt along velnlets;

sample contains 1-2 mm 
sulphide grain
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101-1-16

mid-slope high, 
Tonga trench

altered diabase angular clast FG Cpx, Piag, Oxides, ±Opx in an ail glassy 
matrix; grains are fractured; sample contains 
areas of relatively fresh glass; glassy area 
contain fragments of Cpx + Piag;

sample contains patches of Chi; interstitial 
glass is comp alt to Chi ± clay?; Piag is ait to 
ser ±Chi; Pyx are relatively fresh some ait to 
Chi along rims and fractures

some evidence of zoning in 
primary minerals; Qxides 
partially alt; low temp?;

101-1-20

mid-siope high, 
Tonga trench

Pyx-Pyx phyric 
andésite

sub angular 
clast

FG Piag + Cpx ± Cpx in ail glassy matrix; 
num vesicles filled w Chl± Zeoi ± Amph ± 
Ep; sample contains abundant FG Oxides;

perv ait; GM ait to Chi ± Amph ± day; some 
vesides filled w splays of fibrous high biref 
Amph?: GM Piag ail to Chi + FG ser; vesicles 
show sequential min growth from rim to core; 
Chi and Amph typically at core w Zeoi at rims; 
Cpx relatively fresh in GM ■ some ail to Chi ± 
Amph;

sample perv ait; Amph in 
v e s ic le s  highT?

101-1-23
mid-slope high, 
Tonga trench

all diabase angular block F to MG Piag, Cpx, Oxides ± Cpx; many 
grains fractured; GM cent VFG Chi ± clay;

Piag ait to FG ser ± Chi; Cpx ait to Chi ± 
Amph; GM perv alt; some Amph in GM;

possible sample for 
geotherm; Pyx relatively 
fresh

101-1-24

mid-siope high, 
Tonga trench

ait diabase angular block Piag + Cpx+Qtz + Oxides; Qtz contains FI; Piag ail to FG ser ± Chi ± Ep; GM ait to Chi ± 
Ep ± Amph ± 2nd Ox ± Carb; sample cut by 
stringer 1-2 mm w acicular Amph+Carb ± Ep; 
Amph in veins forms radiating slays; Pyx ait to 
Chi ± Amph along boundaries;

Amph ±Ep veins suggests 
high T; Carb suggests Ca 
metasomatism;

102-4-1

mid-siope high; 
Tonga Trench

Piagiogranite - 
Irondjhemite - 
epidosite

angular
fragment

one side - GG Qtz + Piag w granular Ep Chi 
+ 2nd Oxides; other side approx 1 cm wide 
contains abundant granular Qtz and minor 
Oxides; diff to determine relativety of contact - 
possibly shear zone

Piag comp seritidzed - appears as brown 
grains in PPL; Ep and Chi are dominant meta 
minerals; this sample looks like an epidosite

EPIDOSITEI
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102-1-25

mid-slope high; 
Tonga Trench

vesicular t»salt angular
fragment

VFG w VFG Flag laths unoriented In a 
cryptocrystalline matrix; few larger Flag 
phenocrysts; sample contains abundant 
vesicles filled w Carb minerals? ±Zeol ±Chl; 
vesicles may contain clay ?; clays line 
vesides & carbonate fills

sample cut by several narrow veinlets; some 
veinlets may contain Ep?; GM appear to be alt 
to day+Chi; some small grains of high biret 
mln which may be Ep and or Cpx? In GM; 
some fractures are tilled w Ep; Flag altered w 
patchy zoning

possible Ep tilled veins; 
possible Ep In vesicles; Carb 
could be low t overprint

104-2-4

lower slope Tonga 
Trench

diabase sub angular 
fragment

MG Flag Cpx ± Cpx? + Oxides; Flag and 
some Fyx are zoned; larger Flag phenocrysts 
contain abundant Inclusions at core; GM 
glassy;

sample Is relatively fresh; Flag alt to FG ser ± 
Ep ± clay; Fyx alt Chi ± Amph along rims and 
fractures; GM Is alt to Chi ± clay; no veins;

GM perv alt; phenocrysts 
relatively fresh; minor Ep;

104-2-6

lower slope Tonga 
Trench

alt diabase angular
fragment

MG Flag + Cpx+Oxides + green Amph + Chi; 
minerals are highly fractured and deformed; 
sample cut by 1 cm wide vein cont Qtz i  Zeoi 
± Amph ± Chi; IraGMents of GM are found In 
vein;

sp contains patchy alt w patches cont Chi + 
acicular Amph; Cpx alt to Amph+Chi; Flag alt 
to ser+Chi; some Oxide assoc, w Chi ± 
Amph alt; vein contains VFG Qtz

Qtz vein suggests low T; 
acicular Amph +Chl suggests 
greenschlst facies conditions

105-1-4

Tonga trench slope Olgabbro angular block CG Flag+Cpx+01 pseudo; sample cut by 
several veinlets with varying alt assemblages; 
minerals highly fractured and net veins x-cut 
minerals;

sample Is highly all particularly along veins 
and fractures; 01 comp pseudo to 2nd Oxide, 
clay, Talc, Amph + Chi; Cpx all to Amph ± 
Chi; some veinlets cont Chi; others cont Zeoi; 
some Qtz in veinlets; sample generally perv 
alt;

no fresh 01; minor Oxides; 
evidence of defonmatlon and 
recrystallization of Flag; sample 
particularly ait along veinlets

105-1-6

Tonga trench slope Olgabbro angular block MG subhedral Flag + Cpx+01 + Ox; possible 
Opx; Fyx have sub ophltic text; Fyx have 
minor exsolution along cleavage; sample cut 
by a few narrow veinlets tilled with splays of 
fibrous zeoiites?;

Fyx alt to Amph ± Chi along margins; 01 alt to 
Idd; GM altered along margins of veins; 
sample generally fresh w abundant fresh 01;

sample has weak foliation; 
large amount of 01
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105-1-8A

Tonga french slope gabbro angular block MG Piag + Cpx+colourless Amph+Amph + 
Chi ± zeolifes; sample is cuf by num veins 
Inferesfing x-cuffing relaflvely.; sample highly 
fractured w net veins cuffing primary minerals;

perv alt w Flag alt to ser ± clay ± Chi; Fyx alt 
to acicular colourless Amph ± green Amph; 
sample conf; num veins filled w Ep; large vein 
In sample A contains fllanlte ± green diopslde 
?; large vein In sample A zoned from core to 
edge; some veins monomlnerallc Qtz?;
Fault?; abundant CG Ep In veins; sample B 
cont abundant acicular colourless Amph; 
some narrow veinlets may conf zeolifes?;

Very interesting!; possibly Flag 
- Amph geotherm; possibly 
Amph geochron; possible 
roddlnglte?; high t?; veins 
contain monomlnerallc granular 
Amph and acicular Amph;

105-1-10

Tonga french slope gabbrowdyke 
margin (margin 
nof In TS)

angular block sample conf M-CG Flag + Cpx + colourless 
Amph + Chi ± Serp?; one side conf abundant 
VCG Ep; Flag and Pyx are both highly 
fractured and deformed; sample cut by num 
net veins; some brown Amph?; minor Opx; 
some exsolution In Pyx along cleavages

one side of sample and vein conf abundant 
CG Ep +aclcular Amph+Chi + hydro gross? 
± Qtz; small veinlets which x-cut sample 
contain low bIref minerals possibly Qtz or 
Zeoi?; some tiny veinlets may contain brown 
hydro gross?; Flag In GM highly ser?; Cpx alt 
foAmph±Chl;zolslfe

some patches cont Chit 
acicular Amph; 
geothennometry; hydro 
grouular; high T

105-1-14

Tonga french slope gabbro angular
fragmenf

sample conf MfoCG Flag+Cpx+granular 
primary? Amph + minor Opx+Oxides; Oxides 
assoc, w Amph; colourless Isotropic mln 
polkililically end in Amph (hydro gross? or 
Amph?) equanf grains;

sample contains num fractures; GM alt 
proximal to fractures; fractures cont Amph ± 
Chi ± Ep; Oxides pres along cleavage In 
colourless, Isotropic grains; Flag In GM alt to 
Ep ± Chi; some Flag reciystalllzed near 
fradures; some Cpx alt along cleavages & 
grain boundaries to colourless, acicular 
Amph;

presence of hydro grossular 
and primary brown Amph?; 
possibly high t?; geotherm & 
geochron; very Interesting
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105-1-19

Tonga trench slope gabbro angular
fragment

MG Piag+Cpx+Amph+minor Opx; Cpx 
rimmed by primary Amph?; primary grains 
highly fractured and deformed; Flag appears 
to be recrystalllzed

Cpx alt to colourless, fibrous and granular 
Amph; GM contains FG acicular Amph+Chi; 
brown patches may be hydro gross?; small 
round reddish-brown, high biref clots 
(minerals?); some areas x-crossed by net 
veins which cont low biref material (Amph?)

abundant Amph; some primary; 
geothermometry?; 
hydrogrossular?; only minor 
Oxides; minor Ep In GM; some 
alt patches may contain 
zeolites

105-1-21

Tonga trench slope 01 gabbro angular
fragment

MG Flag + Cpx + primary Amph? + 01; brawn 
Amph rims Cpx; 2nd? Oxides assoc, w 01;

sample cut by several veinlets filled w Zeoi; 
Flag highly alt proximal to veins; Int x-cutting 
relatively; 01 relatively fresh; GM near veins 
alt to green-brown patches (Amph?);

some F*yx polWlitlcally enclose 
Flag; sample has evidence of 
layering; primary Amph; Zeoi = 
lowt?; Amph Flag 
geothermometer?; some Flag 
deformation and 
recrystalllzatlon

105-1-25

Tonga trench slope gabbro angular block MG Flag + Cpx+Amph + Ep + hydro gross? 
+Oxides; Cpx rimmed by brown Amph; 
sample cut by numerous veins; Cpx 
poitdlltlcally enclose Flag;

Cpx alt to Amph along cleavages, along rims, 
and near veins; several veins x-cuttIng sample 
contain monomlnerallc Amph; other veins cont 
Ep; Interesting olive green small mln grains In 
sample (not abundant); some alt patchy (filled 
w acicular colourless Amph);

Flag alt to Ep; some patches 
cont Chi? ± Amph; veins 
possibly contain zeolites; HIGH 
T?; geothermometry?; 
geochron?; very Interesting
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105-1-29

Tonga trench slope gabbro (more 
dioritic)

sub angular 
block

MG Flag w primary Amph + Ep; Flag Is 
somewhat layered; sample perv alt; some 
primary Cpx rimmed by Amph?;

sample perv alt; sample cont remnants of Cpx 
rimmed by Amph; Amph primary?; GM 
contains abundant colourless acicular Amph; 
some Amph may be replacing Cpx; GM also 
cont abundant Chi ± hydro gross?; Flag highly 
fractured and alt to Ep + ser ± Chi; prim Amph 
alt to colourless acicular Amph;

evolved sample; Amph and Ep 
suggest high T; Amph-Flag 
geotherm; geochron?; no Qtz; 
some layering;

105-3-2

Tonga trench slope Flag phyric 
basalt

sub angular 
clast

F to MG Flag phenocrysts In crypto GM; 
sample cont FG Oxide phenocrysts; 
numerous vesicles Filled w FG Flag?, Zeoi, 
Chi ± Ep; GM glassy; some GM contains FG 
Flag laths ± Qtz ± Chi ± Ep;

Flag serlcillzed and alt to Ep; GM cont Chi + 
Ep; Flag laths generally fresh (some alt as 
before); most high biref material believed to be 
Ep:

no Fyx; possible hydro gross; 
some Oxides alt to reddish- 
brown mat; GM made up of 
VFG Qtz ± Flag;

105-3-6

Tonga trench slope Flag and Cpx 
phyric basalt

sub angular 
clast

Flag + Cpx phenocrysts In FG matrix (Flag + 
Cpx + Chi + Amph ± Qtz); phenocrysts are 
anhedral to euhedral; sample Is cut by tiny 
Qtz? veinlets; sample cut by 1 large zoned 
vein w Ep + Qtz at margins and Ep+Qtz + 
Chi at centre (1-4mmdlam);

phenocrysts are relatively fresh; Fyx alt to 
Amph + Chi at rims; some patches of Chi ± 
Amph near phenocrysts may be pseudo; GM 
Is part alt; Flag In GM alt to ser+Ep+Chi; Ep 
vein x-cut by smaller veinlets (X-CuttIng 
relatively);

HIGH T?; abundant Ep and 
Amph; Qtz FI;
geothermometer; Oxides alt 
to red-brown clots; Oxides 
VFG and disseminated;

106-2-5

thought to 1)6 at very 
trase of upper plate

Oxide gabbro angular clast CG Flag + Cpx+Opx?+Oxides; Fyx rimmed 
by Amph; Fyx/Amph grains poiWlltlcally 
enclose Flag laths; sample cut by num veins

Flag alt to ser ± Ep particularly along veins; 
Cpx alt to green and fibrous colourless Amph; 
clots of Amph + 2nd Qxides + Chi may be 01 
pseudo?; sample cut by net veins cont Zeoi + 
Chi+ Amph; Oxides altered along fractures ■> 
titanlte?;

abundant CG Amph • som e  
Amph may t)e primary; High 
T?; look at Oxides; som e Chi 
assoc, w Piag;
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106-2-7

thought to be at very 
base of upper plate

diorite angular clast F to MG Flag + Amph + CNz + Chi + Ep + Ox; 
no Pyx observed; numerous veins;

Flag almost comp ser; granular Amph alt to 
fibrous colourless Amph + Chi; some Oxides 
alt to red-brown patches; Flag alt to Ep + Chi; 
sample cut by num veins; some veins cont 
Qtz + Ep+Chi+Amph; others contain Qtz; 
GM proximal to veins perv alt;

some late stage veins cont 
brown mat and x-cut all other 
features and alter Oxides; 
highly evolved sample; 
abundant Amph; geotherm; 
geochron; abundant Oxides; 
perv all; int x-cutting relatively

106-2-10

thought to be at very 
base of upper plate

gabbronorite angular clast CG Flag + polkilltic Cpx and Opx end Flag; 
Pyx cont brown Ampti Incl?; brown Amph may 
be prim?; some brown high relief min may be 
tit assoc, w Cpx; brownish min assoc, w Amph 
may be hydro gross?; sample cont green high 
relatively Isotropic min (Cr-rich hydro gross?)

Opx alt along fractures to Serp ± Idd; Pyx alt 
to Amph + Chi along edges; Flag alt to Ep ± 
Chi along fractures; veins cont Amph ± Ep ± 
Zeoi minerals; some veins monomineralic

som e brown Amph primary? 
and polkilltic en d  Flag; 
brownish and green min may 
be hydro gross (PROBE!); 
possibly geotherm -I- 

geochron

106-2-11

thought to be at very 
base of upper plate

Oxide diorite angular ciast 3-8% interstitial Oxides + prim Amph?+Qtz + 
titanlte + Ep; tit assoc, w Oxides; brown high 
biref mln w high relatively assoc, w Ep 
(uncertain mln); Chi in GM; FI in Qtz; num 
veinlets; brown Amph polklllllc end Flag

brown Amph alt along edges to green and 
colourless acicular Amph; Flag ait to Ep + Chi 
± FG sen some veins cont Ep ± Chi; Oxides 
alt to high biref min along cleavages (tit?); 1 
green of brown mln polkilltic end in Amph 
(hydro gross?); some veinlets mono mln Chi;

abundant titanlte; interesting 
sample; very evolved; Amph alt 
suggest higher T; good for 
Amph geochron and geotherm; 
some patches of 2nd Amph + 
2nd Oxides may have been 
prim Fyx; no fresh Fyx
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106-3-5

thought to be at very 
base of upper plate

aphyric basalt angular clast Flag laths + Cpx + Opx In cryptocrystalline 
matrix (part devitrified); FG disseminated 
Oxides; some Pyx show bent cleavages and 
evidence of def; some zoning In Flag; matrix; 
brown material > Amph + Chi+clay?; Flag 
laths random oriented,

Pyx and Flag relatively fresh; some Flag alt to 
ser + Ep + Chi; most alt restricted to GM; 
some Fyx alt to Amph ± Chi along rims;

sample relatively fresh; glassy 
matrix starting to devltrify; In 
PPLmalrixis green-brown; 
some evidence of def

107-1-3

lower mid slope 
Tonga trench

Flag-Cpx phyric 
basalt

sub rounded 
fragment

FG Cpx+Flag+ Oxides In alt GM\ grains 
highly fractured; GM minerals - Chi+ clay t  
Qtz;

GM alt to red-brown clots near Oxides and 
green-brown minerals (Chi + day?); no veins; 
some Ox of Oxides to red-brown minerals

predominantly greenschlst 
facies mln assemblage; some 
small narrow veinlets contain 
Qtz?;

107-1-14

lower mid slope 
Tonga trench

fractured aphyric 
basalt breccia

angular
cobble

green Amph+ Chi+ Qtz+ Flag+Oxides; 
green Amph may be prim?; sample cut by 
num Qtz veins; Qtz and Flag have und extinct; 
no Fyx; andesltlccomp?

Flag Is ser and all to Ep + Chi; some granular 
Amph Is all to fibrous green and colourless 
Amph along edges ± Chi; large veins x-cut 
sample cont Zeoi ± Qtz ± Ep; Zeoi restrict to 
core w Qtz on margins; GM perv alt proximal 
to veins; int x-cutting relationships

andesitic comp?; abundant 
Qt2 wFI;Pfag-Amph 
geothenn; evolved sample

108-1-6

mid slope Tonga 
trench

gabbroic breccia unknown? gabbroic blocks -> Cpx + Opx + Flag In FG 
muddy matrix w suspended clasts of Pyx+ 
Flag; matrix is chloritic w patchy orange brown 
alt

Pyx alt to fibrous green Amph at margins of 
clasts and along fractures; Flag ser and alt to 
Chi along margins; several clasts rimmed by 
lib Amph and/or zeolite minerais?; GM Is alt 
and grains within are fractured; GM cont some 
Qtz;

diff to distinguish Qtz from Zeoi; 
some Fyx have mottled text - 
exsolution of Opx in Cpx or 
Amph; cores of Flag In clasts 
haveind;
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108-2-1

mid slope Tonga 
french

01 gabbro angular clasf CG to VCG Opx polkllitic end 01 & Cpx + Piag 
+Ox; possibly 01 gabbronorite;

Pyx have mottled text w Ind of Amph (posslbty 
primary)?; some 01 fresh some alt along 
fradures to Serp + Idd; alt Is patchy w FG 
Chl+Amph+Zeol?; most prim minerals highly 
fradured; 01 Is alt to 2nd Mag; some FG 
patches may be recrystalllzed Piag?;

abundant Serp (show Kathy) 
and amphibole; som e fresh 
01; A m ^  polkilltic e n d  In 
Pyr may be prim; x-fiber text 
In Serp; Interesting sample

108-2-6

mid slope Tonga 
french

01 gabbro sub angular 
clast

M to CG Flag + 011 Cpx; 01 fresh; num small 
veinlets; some Pyx have sub ophitic text end 
Piag;

01 fradured and alt to Serp + Idd ± Amph ± 
Chi; GM conf patches filled w Amph ± Chl; 
mln proximal to veins perv all; veins conf 
Zeoi?; GM Piag recrystalllzed near vein 
margins; 01 + Cpx In GM alt to Amph + Chl; 
some Flag Is ser and alt to Ep + Chl

some 01 polkilltic end Flag; 
Flag Is relatively fresh

108-2-10

mid slope Tonga 
french

Iherzolife sub angular 
clasf

M to CG Cpx + 01 + Opx; ulframafic rock; 
large (4mm) Opx polklllllc end Cpx; 01 comp 
pseudo; small Amph veins cut Opx and other 
minerals; grain size layering evident In TS

01 completely altered mostly to Serp but also 
colourless Amph + 2nd Mag + Talc? + Amph; 
Opx alt to Talc?+Amph; Cpx alt to Amph + 
Chl

no Flag; abundant Amph; 
Interesting to look at Amph 
veins; probe Talc vs, Amph;

108-2-12

mid slope Tonga 
french

diorite -
granophyricfexf

sub angular 
clasf

F to MG Flag+Qtz+green Amph + Ep + Chi 
+Ap?+Ox+sulphides; Amph may be prim 
hornblende; sample cut by Ep vein and Chi + 
Ep veinlets; Oxides assoc, w Chi patches

Flag ser and alt to Ep ± Chl; primary green 
Amph alt to colourless Amph ± Chl; Interstitial 
Ep; one side of sample slightly less alt; 
primary Amph fresher on one side

abundant FI in Qtz; 
Epidosite?; Piag Amph 
geotherm?; Interesting; FI 
have daughter minerals!

108-3-1

mid slope Tonga 
french

aphyric basaltic 
andesife

angular block VFG Amph + Piag+Qtz + Oxides+minor Ep; 
sample cut by narrow Amph + Ep + Chi + 
sulphide vein; sample relatively fresh

Flag partially altered to serlcite + Ep; some 
Amph alt to Chl; some Oxides alt to brown 
higti biref mln (titanlte?); sample relatively 
fresh; no alt along vein margin

FI In Qtz; interesting; geotherm 
/geochron?;
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108-3-11

mid slope Tonga 
trench

micro-gabbro
norite

sub angular 
fragment

FG to MG Flag + Cpx + Opx; F̂ x have ophltic 
text end Flag;

Cpx and Opx alt to Amph ± Chl along green 
boundaries and cleavages; some Fyx have 
mottled text; sample alt proximal to 
Qtz?/2eol? veins; some veinlets contain Carb 
+Qtz ± Chl; possible mono mln Amph 
veinlets?;

sample generally fresh; Flag 
may be recrystalllzed near 
some veins; diff to tell Qtz from 
FG Flag

108-3-15

mid slope Tonga 
trench

FG diorite-one 
side has possible 
fault breccia

sub angular 
block

FG Flag + Amph+QIz+Oxides; minor 
sulphides; possibly some apatite

sample relatively fresh; some Amph alt to Chl 
± 2nd Amph; Flag alt to FG ser ± Chl; Flag - 
Qtz boundaries show wormy text; sample cut 
by tiny veinlets (uncertain fill); Amph 
recrystalllzed near veinlets

abundant Amph; sample 
relatively fresh; possibly good 
for Flag Amph geolherm 1 
geochron; Chl Is not abundant; 
hard to determine T

108-3-16

mid slope Tonga 
trench

Basaltic
Epidosite

angular block FG Flag+Qtz + Ep + Chl+Oxide+Amph + 
apatite; FI In Qtzl; no veins observed; 
secondary FlagI

Oxides altered to brown mln may be titanlte; 
Flag alt to Ep+Chl; Chl clots In GM; some 
Chl+Amph clots may represent Amph or Fyx 
pseudo; GM contains granular Ep; some 
brown material In GM may be hydro gross?

EPIDOSITE?; Flin Qtz; minor 
Amph; Oxides seem  
completely altered;

108-3-17

mid slope Tonga 
trench

FG diorite and block FG Flag + Qtz + Amph + Chl + Ep + Oxides + 
sulphide ± apatite; minor titanlte assoc, w 
Oxides;

Flag all to Ep + Chl; Chl dots In GM; some 
Chl + Amph dots Amph pseudo; granular prim 
Amph alt to acicular Amph; GM contains 
abundant granular Ep; some brown material In 
GM may be hydro gross?

sample epidotlzed; FI In Qtz; 
large Qtz grains assoc, w  
sulphides; Amph geotherm /  
geochron; very Interesting!
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110-1-5

upper slope Tonga 
trench

aphyric basalt angular block VFG Flag+ Cpx splays+Chl + Qtz+glass; 
fibrous mineral in veins may be acicular 
Amph; brown min may be hydro gross; sample 
cut by numerous veins; some structures 
appear to be asymmetric tension gashes - 
suggesting some shearing;

sample cut by numerous small Qtz veinlets 
and larger veins filled w Chl + Ep + Qtz; some 
veins zoned with Chl at margins and Qtz + Ep 
in centres; GM contains some Chi which Is 
probably alt after Cpx and glassy material; 
some alt along vein margins

Qtz has FI's; abundant 
epidotel; sample is  definitely 
becoming epidotlzed (som e  
Ep In GM); shear sen se  
indicators; CG Ep + Chl + Qtz 
velnsi

110-1-7

upper slope Tonga 
trench

Flag glomero- 
porphyritlc basalt 
breccia

angular block MG Flag giomerocrysts in a VFG GM; VFG 
Cpx observed; sample is brecciated and 
IraGMents are cemented w Qtz + Ep; some 
small vesicles filled w Chl ± zeolites; minor 
Oxides and sulphides

Flag phenocrysts ait to ser ± Ep; GM ait 
patches of Chi possibly after Cpx; veins 
contain mostly CG Qtz with minor Ep ± Chl; 
some fine veins contain Chi + Ep w brown 
material ? at centres; host rock seems to be 
ait proximal to veins

CG Ep + Qtz veins; FI In Qtz; 
som e epidotlzed Flag in GM; 
very Interesting

110-1-15

upper slope Tonga 
trench

all basalt sub angular 
clast

FG Flag + Cpx + Ox+Chl+Amph + Ep; 
sample contains 5mm wide Ep + Qtz+Chl 
vein; sample cont some larger grains of Flag 
and Cpx; large Flag grains cont wormy Cpx 
incl; GM may cont some Qtz

Flag alt to Chl + Ep; Cpx alt to Amph + Chl; 
one patch Cpx gone and replaced by granular 
Amph; Oxides ait to brownish high biref 
material (Titanlte?); Ep vein has slightly 
increased alt proximal to vein; GM Is slightly 
silicified

FI in Qtz; good sample for 
Flag Amph geotherm; one  
patch of an Is very pervasive 
and maybeepldotlzatlon; 
sample epidotlzed

110-1-17

upper slope Tonga 
trench

alt basalt angular block FG Flag + Cpx in a glassy matrix; grains are 
rounded and broken; GM contains a few 
grains of sulphide; sample contains several 
green stringers containing Chl + Ep + Qtz; 
possibly some acicular Amph assoc, w Qtz In 
veins; some Carb

GM alt to brown material+Chl; Ep + Chl 
replaces Flag; Cpx In GM partially alt to Chi ± 
Amph?; Oxides/sulphide found in vein; sample 
has patches containing one or more of; Chl ± 
Ep ± Qtz ± Carb ± brown material; some 
evidence of alt near stringers

very FG GM; diff to determine 
ait; Ep + Amph + Chl = 
relatively high T; Carb + Qtz 
suggest low T; grains broken 
up suggests deformation; some 
FI in large Qtz grains
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110-1-25

upper slope Tonga 
trench

alt basaltic 
andésite

angular clast FG Flag+Cpx+Amph+Chl + Ep+Ox ± 
titanlte; sample cut by num veinlets which 
contain one or more of Chl ± Amph ±Ep± 
Qtz ± orange mln.

Oxides replaced by brown high biref mln 
(titanlte?); some opaques alt to red clots; 
orange fibrous mln may be Amph? (ask 
Kathy); Flag alt to FG ser + Chl + Ep; Cpx 
perv alt In places to Amph ± Chl; alt Increases 
near veins

Qtz has FI; Flag Amph 
geothenn/geochron; 
Interesting sample; red clots 
may have been sulphides

110-1-25

upper slope Tonga 
trench

alt basaltic 
andésite

rounded clast FG Flag + Cpx+Amph + Chl + Ep + Ox; 
sample cut by num veinlets (Chl ± Ep ± Qtz ± 
Amph)

Flag alt to FG ser+Chl + Ep; Cpx perv alt In 
places to Amph ± Chl; alt increases near 
veins; some opaques alt to brown high biref 
mln (titanlte) or red clots; GM appears slllclfled 
w interstitial Qtz; Qtz and Flag form wormy 
Intergrowth text

Qtz has FI; Flag Amph 
geotherm /geochron; 
Interesting sample; red clots 
may have been sulphides

110-1-27

upper slope Tonga 
trench

alt basalt angular clast FG Flag + Cpx + sulphide w minor glassy 
matrix; one side of sample Is heavily veined 
and epidotlzed; brown amorphous mln may be 
hydrogrossular?

GM alt to Chl + Ep ± Amph?; Cpx alt to Chl ± 
Amph; Flag alt to FG ser + Ep ± Chl; sample 
cont 7 mm straight sided Qtz Ep vein w Ep at 
margins and Qtz In centre; sample heavily 
epidotlzed near vein margin;

sam ple on Its way to  an 
epidosite; CG Qtz has smalt 
FI; possibly hydro grossular; 
abundant sutphidet

110-1-32

upper slope Tonga 
trench

ait volcanic glass sub angular 
clast

vitrophyre with devitrification spots containing 
Qtz ± Chl ± Ep ± Amph? ± titanlte; sample 
cont tiny veinlets of Qtz ± Chl t  Ep; possibly a 
few grains of high biref zircon?

sample originally glassy and now contains 
VFG Qtz + Chl + Ep ± Amph ± titanlte; some 
areas still glassy; some veinlets w coarser 
grained Qtz cut the sample

VFG; Qtz veinlets may have 
been source fro fluids; FG Ep + 
Qtz; some small FI In Qtz;

111-1-3

lower slope Tonga 
trench

aphyric basaltic 
andésite

angular clast FG Flag+Qtz+Chl+ Ep +Carb+Ox + 
some Cpx ± Amph; sample cut by light 
coloured vein; vein may be more evolved 
liquid Intruded Into basalt; vein has very 
similar mineralogy

Flag perv alt to ser+Chl + Ep + Carb; only 
minor Cpx; Chl clots may be after Fyx; 'vein' 
contains more abundant Qtz+Chl; some 
small FI In Qtz; sample generally perv alt

late magmatic vein cuts 
sam ple containing abundant 
Qtz + sulphides; sample perv 
alt
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111-4-3

lower slope Tonga 
trench

gabbro angular clast MG Flag + Cpx ± minor Opx; sample cut by 
several tiny veinlets; some Pyx sub ophitlcaliy 
enclose Flag

sample alt along fradures; Pyx alt to Chl + 
Amph; Flag alt to Chl ± clay; Qtz ± Zed ± Chl 
± Amph In veinlets that cut sample; sample 
perv alt near fractures and veins; late Chl 
veins cut everything;

pink mln In TS off cut; maybe 
hydro grossular; some granular 
Amph may be primary

112-2-1
upper slope Tonga 
trench

01 gabbro sub rounded 
fragment

VCG Cpx + Piag + 01; grains up to 1-2 cm; 01 grains replaced by Serp ± Talc?; Flag perv 
alt to serldte i  epidote; sample contains VFG 
alt material (low and high biref)

very coarse gained; no 
amphlbde veins

112-2-6

upper part ol steep 
fault scarp - upper 
slope Tonga trench

gabbro sub rounded 
fragment

MG to CG Flag+Cpx+01; Flag may have 
end Fyx?;

sample perv alt; 01 alt to Serp; Flag 
completely replaced by clay ± ser ± Chl; 
sample slllclfled and cont 2nd Qtz; sample 
cont splays of fibrous Zeoi; Fyx relatively 
fresh; some fradured and have bent 
cleavages

Qtz + Zeoi suggest low temp; 
Cpx relatively fresh

113-1-3

trench slope 
lmMlate!yl)elowTF7

Cpx-Plag 
glomero- 
porphyritic 
basaltic andeslte

angular block MG Flag+Cpx+Opx + Qtz + Ox + Chl + 
Amph ± Ep; sample contains a few 
giomerocrysts of Cpx + Flag; some 01 
pseudomorphs

sample Is perv alt; Opx completely replaces 
by acicular Amph + Chl; Flag alt to FG ser+ 
clay ± Chl; 01 pseudo by Amph + Chl + 
hematite; minerals heavily fradured; abundant 
ChllnGM

TSotfcul has pink mln; sample 
perv alt;

113-1-6

trench slope 
lmMtatelyt)elowTF7

pervasively alt 
basalt

angular block GM completely alt to Qtz + Chl + carbonate+ 
Oxides;

complete loss of Igneous text; large Carb & 
Qtz & Chl clots; GM VFG - may contain some 
Flag; Qtz / Chl veins x-cut sample

probably lowt; looks like an 
epidosite but wrong 
mineralogy; Interesting

113-1-7

trench slope 
ImMlately below TF7

sparsely Flag 
phyric basalt

sub rounded 
dast

VFG Flag+Ox ± Cpx? in glassy matrix; GM 
contains abundant Chl + Carb ± minor Ep;

sample cut by numerous Carb ± Qtz veins; 
GM Is not necessarily more alt near vdns but 
does cont more abundant Carb proximal to 
veins; vesicles filled w Chl + Carb

Carb+Qtz suggests low temp;
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113-1-8

trench slope 
ImMlately below TF7

brecdated basalt sub rounded 
clast

similar to above sample; VFG sparsely Flag 
and Cpx phyric basalt w glassy GM; Cpx 
grains pseudo by Chl; Flag alt to Carb i  Ep?;

sample cut by numerous Carb ± Qtz veins; 
GM Is more alt near veins; vesicles filled w 
Chl + Carb; some purplish alt observed In TS 
offcut

Carb + QIz suggests low temp; 
margins on basalt pieces may 
be chilled - altered hyaloclastite

113-1-9

trench slope 
ImMlately below TF7

olivine? - Cpx - 
Piag phyric 
basalt

sub rounded 
clast

VFG; primary minerals completely all; sample 
cut by two 1-2 mm mono mlnerallc Chl veins

Ol/Cpx/Flag alt to Carb + Chl; GM contains 
abundant Carb + Chl + Qtz; sample cut by 
numerous Carb + Qtz veins

Carb+Qtz suggests low temp;

113-1-10

trench slope 
ImMlately below TF7

epidotlzed basalt angular block FG Flag+Cpx + Qtz + Chl + Ep+Oxides ± 
Amph ± Carb; sample cut by 5mm Qtz + Ep 
vein

sample Is pervasively alt; Flag alt to Chl + Ep; 
Cpx alt to Chl ± Amph; GM contains patches 
of Chl/Qtz/Carb; CG Qtz + Ep veins x-cut 
sample; some evidence of added all proximal 
to vein

sam ple epidotlzed; som e  
lo ss  of Igneous text; 
abundant CG Ep; Qtz grains 
contain small FI

113-1-11

trench slope 
ImMlately below TF7

pervasively alt 
diabase?

angular block MG Flag + Cpx ± Opx; sample completely alt; 
VFG 'vein' may be late melt; sample cut by 
narrow carbonate veins

Fyx alt to Amph+Chl; Flag all to FG ser+ 
Chl + Cart; GM alt to green-brown material 
(mostly Chl); outlines of phenocrysts still 
preserved

Carb veins suggest low T

113-1-13

trench slope 
ImMlately below TF7

altered diabase sub rounded 
fragment

matrix pervasively alt; difficult to discem 
primary minerals; Interesting opaque text 
along Fyx? cleavage? traces; GM contains 
Qtz+cal +Chl+Amph?

sample almost completely altered to Qtz + cat 
+ Chl+Amph + opaques (hematite?); sample 
cut by 1 cm wide Qtz+Zed?+Chl/Amph? 
vein; birefringence may be high

sulphides altered In vein; some 
Chl/Amph In vein?

113-1-16

trench slope 
ImMlately below TF7

VFG alt basalt sub rounded 
cobble

VFG Flag microphenocrysts + Qtz + Chl + 
Carb+Oxides In a glassy GM; sample cut by 
two 3-4mm carbonate<arbonate veins; 
Oxides may be secondary

GM alt to Chl + Carb; Flag alt to Carb + Chl; 
Chl more abundant near veins; small Qtz 
veinlets

Carb suggests low T
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113-1-19

trench slope 
ImMiately below TF8

sparsely Flag 
phyric basalt

sub rounded 
clast

FG Flag phenocrysts in a glassy-crypto 
matrix; one side dark brown the other green; 
perv alt

sample pervasively alt to Chl+cal+Otz; 
some veinlets and vesicles filled with Otz-ChI; 
green side has slight breccia text; Flag 
phenocrysts completely replaced by cal ± Qtz 
±Chl

113-1-20

trench slope 
ImMlately below TF7

alt basalt/ 
diabase

angular
cobble

FG Flag + cp + Chl + Carb + Ep + Qtz + Ox; 
sample cut by narrow Carb veinlets

similar to above; some fresh Cpx; GM all to 
Chl + Carb; Flag alt to Carb + Chl; minerals 
fractured; some brown alt

Carb suggests low T

113-1-22
trench slope 
ImMlately below TF7

aphyric basalt sub angular 
fragment

FG Flag+Qtz+Carb+Chl+Ox; sample cut 
by narrow Carb veins

Flag alt to Chl + Carb; GM cont abundant Chl; 
abundant Carb+Qtz proximal to veins; GM 
brown colour

LowT?

113-1-26

trench slope 
ImMlately below TF7

Basaltic
Epidosite

angular
fragment

one side VFG QIz + Ep + Ox + Chl + Oxides 
± titanlte other side coarser grained; two 
sections separated by Ep + Qtz vein

complete loss of Igneous text; granular Ep 
concentrated at vein margin

epidosite; small FI In Qtz

113-1-30

trench slope 
ImMlately below TF7

basalt-basalt
contact

angular
cobble

FG Flag + phenocrysts pseudo (possibly 01); 
very straight contact w 5mm Carb vein; grey 
half preserves Igneous text; green half totally 
alt;

GM completely alt to Chl+Carb; phenocrysts 
completely alt to Chl+Carb or Otz; may be 01 
& Flag phenocrysts respectively

Low T?; vein has Interesting 
text with progressive layers of 
Carb deposited

113-1-31

trench slope 
ImMlately below TF9

sparsely Flag 
±Cpx phyric 
basalt

angular cable FG Flag ± Cpx phenocrysts In glassy- 
cryptocrystalllneGM; Phenocrysts relatively 
fresh

sample contains vesicles filled with Chl + Qtz; 
pore space and veins filled with Qtz ± Zeoi 
±Serp; GM pervasively alt to Chl ± Serp? ± 
clay
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A p p e n d i x  B

E L E C T R O N  M IC R O PR O B E  DATA

Miroprobe analyses were performed using Camebax SX-50 and JEOL JXA-8900R electron

microprobes at Oregon State University (OSU) and the University of Alberta (UofA),

respectively. Operating conditions were similar (accelerating voltage 15 kV; beam  current 20

nA) for both microprobes in order to minimize inter-lab variation. Instrument calibration

was performed on natural standards and ZAP corrections were applied to all analyses.

In this appendix, micropbrobe data for the following primary and secondary

minerals are summarized:

Bl. Chlorite 
B2. Epidote 
B3. Prehnite 
B4. Olivine 
B5. Pyroxene 
B6. Plagioclase 
B7. Amphibole

Lab locations are listed under the sample number (UofA or OSU). Rock type has been 

simplified such that basalt, gabbro, and piagiogranite (PG) represent the broad varieties of 

rock types described in Chapter 3. Occurrence refers to  the mode of occurrence determined 

by  petrography. Further particulars are described in the notes at the bottom o f the first page 
for each table.



Sample 
Rock Type 
Location 
Occurrence

81-2-8A1 81-2-8A2 81-2-8A4 81-2-8B1 81-2-8B2 81-2-8B3 81-2-8B4 81-2-8B5 81-2-8B6 81-2-8B7 81-2-9A1 81-2-9A2 81-2-9B1 81-2-9B2 81-2-9B3 81-2-901 
basait basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt 
UoiA UolA U0IA UoiA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA 
ves ves gm ves ves ves ves gm gm gm ves ves gm gm gm gm

SIO2 30,31 29,66 30,15 29,73 28,54 30,07 29,47 30,08 28,59 28,95 28,62 28,12 27,53 28,07 27,89 28,00
TIO2 b,d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0,04 0,01 0,03 0,04 b.d. 0,02 0,03 0,01
AljOj 17,01 17,63 17,26 17,41 18,27 17,44 17,22 17,09 17,82 18,14 18,44 18,72 19,40 18,51 18,90 18,77
CrjOj 0.02 0,01 0,05 0.01 0.01 0,01 0,01 b.d. 0,02 0,04 0,04 0.04 0,02 0,03 0,01 b.d.
FeO^ 17,43 18,18 17,41 18,01 18,34 17,95 18,13 17,64 18,32 18,13 19,60 19,48 20,33 19,41 19,69 19,99
MnO 0,40 0,40 0,42 0,41 0,41 0,39 0,36 0,40 0,38 0,34 0,48 0,48 0,53 0,46 0,49 0,49
MgO 20,69 20,81 20.89 20,94 20,14 20.59 19,94 20.72 20,21 20,77 19,63 19,20 18,86 19,23 19,49 19,47
CaO 0,24 0,18 0,27 0,27 0,32 0,24 0,35 0,33 0,18 0,21 0,08 0,10 0,07 0,09 0,05 0,01
NBjO 0,04 0,03 0,04 0,05 0.03 0,05 0,03 0,05 0,08 0,05 0,05 0,02 0,07 0,06 0,01 0,04
K2O 0,06 0,06 0,04 0,06 0,05 0,06 0,04 0,05 0,10 0,03 0,04 0,03 0,03 0,03 0,04 0,04
F b,d. b,d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0,03 0,01 0,01 0,01 0,03 0,03 0,06 0,03 0,03 0,01 0,01 b.d. 0,02 0,04 b.d. 0,01
Total 86,23 86,97 86,54 86,90 86,14 86,83 85,61 86,39 85,77 86,68 87,02 86,23 86,86 85,95 86,60 86,83
Si 6,20 6,05 6,15 6,07 5,90 6,13 6,11 6,16 5,94 5,93 5,89 5,84 5,71 5,85 5,77 5,79
A r 1,80 1,95 1,85 1,94 2,10 1,87 1,89 1,84 2,07 2,07 2,12 2,16 2,30 2,15 2,23 2,21
Al" 2,30 2,28 2,30 2,25 2,34 2,32 2,32 2,28 2,29 2,30 2,35 2,41 2,44 2,39 2,38 2,36
Ti - - - - - - - - 0,01 0,00 0,01 0,01 - 0,00 0,01 0,00
Fe** 2,98 3,10 2,97 3,07 3.17 3.06 3.14 3,02 3,18 3,11 3,37 3,38 3,52 3,38 3,41 3,46
Or 0,00 0.00 0,01 0,00 0.00 0,00 0,00 - 0.00 0,01 0,01 0,01 0,00 0.01 0,00 -

Mn 0,07 0,07 0,07 0,07 0,07 0,07 0,06 0,07 0,07 0,06 0,08 0,08 0,09 0,08 0,09 0,09
Mg 6,31 6.33 6.35 6,37 6,20 6,26 6,16 6,32 6,25 6,34 6,02 5,94 5,83 5,97 6,01 6,00
Ca 0,05 0,04 0,06 0,06 0,07 0,05 0,08 0,07 0,04 0,05 0,02 0,02 0,02 0,02 0,01 0,00
Na 0,02 0,01 0,02 0,02 0,01 0,02 0,01 0,02 0,03 0,02 0,02 0,01 0,03 0,02 0,00 0,02
K
p

0,02 0,02 0,01 0,02 0,01 0,02 0,01 0,01 0,03 0,01 0,01 0,01 0,01 0,01 0,01 0,01

Cl 0,02 0,01 0,01 0,01 0,02 0,02 0,04 0,02 0,02 0,01 0,01 . 0,01 0,03 . 0,01
Cations 19,76 19,84 19,78 19,86 19,89 19,79 19,79 19,79 19,90 19,89 19,88 19,87 19,94 19,88 19,92 19,93

Notes; b.d, = below detection; n.d, = not determined; gm = groondmass; ves=vesicle; vei = vein; pia = in piagiodase; int = interstitial; am = associated with amphiboie; 
inc=Inclusion; cor=core; ait=aiteration patch,
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Sample 
Rock Type 
Location 
Occurrence

81-2-9C2
basalt
UofA

gm

90-4-3A1
gabbro

UofA
gm

904-3A2
gabbro

UofA
gm

90-4-3C1
gabbro

UofA
gm

90-4-302 94-1-1A1 94-1-1B1 94-1-1D1 
gabbro gabbro gabbro gabbro 

UofA OSU OSU OSU
gm pia vei vei

94-1-1D2
gabbro

OSU
vei

94-1-2A2 96-1-10A1 96-1-10A2 96-1-10A3 96-1-10A4 96-1-10B1 96-1-10B2 
gabbro PG PG PG PG PG PG 

OSU UofA UofA UofA UofA UofA UofA 
pia gml gmd gm gm gm gm

SIO; 28,32 28.12 28.21 28.19 28.56 28.18 27.24 27.29 26.60 28.60 25.01 25.03 24.80 24.96 24.27 24.52
TIOj 0.03 0.01 0.01 b.d. b.d. b.d. 0.02 0.02 0.02 0.01 0.02 0.02 0.03 0.03 b.d. 0.02
AI2O3 18.58 20.46 20.71 20.31 21.44 17.01 18.59 18.18 19.06 19.36 20.55 20.20 20.73 20.45 20.92 21.11
CrjOj 0.01 0.02 0.01 b.d. b.d. n.d. n.d. n.d. n.d. n.d. b.d. 0.01 0.01 0.01 b.d. 0.01
FeO^ 19.24 11.80 11.62 11,73 11,89 22.04 24.09 24.35 23.83 17.74 31.54 30.08 30.98 31.62 32.04 31.91
MnO 0.51 0.13 0.13 0.16 0,14 0.17 0.21 0.19 0.19 0.16 0.22 0.27 0.23 0.27 0,25 0.25
MgO 18.97 25,29 25.42 25,01 24,73 16.23 17.61 16.62 17.00 21.71 11.31 12.19 11.48 11.12 10,84 11.31
CaO 0.04 0.07 0,04 0.06 0.09 0,26 0.14 0.16 0.12 0.24 0.01 0.03 b.d. b.d. 0.02 b.d.
Na%0 0.03 0.01 0.01 0.02 0.01 0.10 0.03 0.07 0.06 0.06 0.03 0.02 0.03 0.02 0.02 b,d.
KjO 0.04 0.03 0.01 0.03 0.07 n.d. n.d. n.d. n.d. n.d. 0.04 0.02 0.04 0.04 0.04 0.03
F b.d. b.d. b.d. b.d. b.d. 0.10 0.05 0.04 0.08 b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.02 0.02 b.d. b.d. 0.01 0.07 0.05 0.04 0.04 0.10 0.01 0.01 0.04 0.02 b.d. 0.02
Total 85.79 85.96 86.17 85.51 86.94 84.16 88.03 86.96 87.00 87.98 88.74 87.88 88.37 88.54 88.40 89.18
SI 5.90 5.61 5.61 5.65 5.63 6.09 5.69 5,78 5.62 5.76 5.39 5.41 5.36 5.40 5.28 5.27
Al"' 2.10 2.39 2.39 2.35 2.37 1.91 2.31 2,22 2.38 2.24 2.61 2.59 2.64 2.60 2.72 2.73
At'" 2.46 2.43 2.46 2.45 2.60 2.42 2.26 2,31 2.36 2.35 2.61 2.56 2.63 2.61 2.64 2.62
Ti 0.01 0.00 0.00 - - ■ 0.00 0,00 0.00 0.00 0.00 0.00 0.01 0.01 - 0.00
Fe** 3.35 1.97 1.93 1.97 1.96 3.98 4.21 4,31 4.21 2.99 5.69 5.44 5.60 5.72 5.83 5.74
Or 0.00 0.00 0.00 - - ■ • - ■ - - 0.00 0.00 0.00 ■ 0.00
Mn 0.09 0.02 0.02 0.03 0.02 0.03 0.04 0,03 0.03 0.03 0.04 0.05 0.04 0.05 0.05 0.05
Mg 5.89 7.53 7.53 7.48 7.26 5.23 5.48 5,24 5.35 6.52 3.64 3.93 3.70 3.59 3.51 3.63
Ca 0.01 0.02 0,01 0.01 0.02 0.06 0.03 0.04 0.03 0.05 0.00 0.01 - - 0.01 ■
Na 0.01 0.00 0.00 0.01 0.00 0.04 0.01 0.03 0.03 0.02 0.01 0.01 0.01 0.01 0.01 .
K 0.01 0.01 0.00 0.01 0.02 - ■ - • - 0.01 0.01 0.01 0.01 0.01 0.01
F ■ - - - - 0.14 0.07 0.05 0.11 - - - . - - -
Cl 0.01 0.01 - - 0.01 0.05 0.04 0.03 0.03 0.07 0.01 0.01 0.03 0.02 • 0.02
Cations 19.82 19.98 19.96 19.95 19.89 19.76 20.02 19.96 20.01 19.95 20.00 20.01 20.00 19.99 20.05 20.05
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Appendix B1. Chlorite A nalyses (continued)
Sample 
Rock Type 
Location 
Occurrence

96-M0B5 96-1-10B6 961-1001 96-1-1002 
PG PG PG PG 

UofA UofA UofA UofA 
gm gm gm gm

96-1-1003
PG

UofA
gm

96-1-10C4
PG

UofA
gm

96-1-14A1
epidosite

OSU
gm

96-1-14A2 96-M4A3 96-1-14A4 96-1-14A5 96-1-14B1 96-1-14B2 96-1-1483 96-1-16A1
epidosite epidosite epidosite epidosite epidosite epidosite epidosite PG 

OSU OSU OSU OSU OSU OSU OSU UofA 
gm gm pia gm gm gm gm gm

SIO2 25.14 26.04 24.39 25.34 25.26 24.51 24.87 24.34 23.58 24.38 23.82 24.41 24.99 25.58 25.20
TIO2 0.01 0.06 0.03 0.02 0.02 0.05 0.08 0.05 0.03 0.01 0.03 0.01 0.01 0,14 0.03
AI2O3 20.33 19.09 21.32 19.55 20.08 21.26 20.21 20.13 19.40 19.44 20.77 19.40 19.62 19.96 19.36
Cr20) 0.02 0.02 b.d. 0.01 b.d. 0.02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01
FeO^ 32.45 31.00 31.04 32.04 31.92 31.83 32.58 31.22 32.24 30.75 31.91 32.02 31.13 31.70 32.07
MnO 0.25 0.23 0.23 0.24 0.24 0.25 0.25 0.26 0.18 0.23 0.31 0.24 0.26 0.23 0.17
MgO 11.06 10.89 11.57 11.32 11.25 11.45 11.04 11.65 10.36 10.58 11.03 10.60 11.93 11.71 9.74
CaO 0.03 0.05 0.02 0.03 0.02 0.02 0.04 0.07 0.02 0.05 0.02 0.07 0.04 0.12 0.02
Na20 0.03 0.11 b.d. 0.03 b.d. b.d. 0.07 0.05 0.07 0.24 0.05 0.03 0.03 0.03 0.21
KjO 0.05 0.44 0.02 0.07 0.06 0.04 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.10
F b.d. b.d. b.d. b.d. b.d, b.d. 0.10 0.07 b.d. 0.03 b.d. b.d. 0.08 0.05 0.07
Cl 0.01 0.02 0.01 0.02 0.02 0.02 0.08 0.05 0.02 0.09 0.04 0.05 0.04 0.03 0.02
Total 89.36 87.95 88.63 88.67 88.87 89.45 89.32 87.89 85.90 85.80 87.98 86.83 88.13 89.55 87.00
SI 5.41 5.66 5.26 5.49 5.45 5.25 5.37 5.32 5.32 5.46 5.22 5.42 5.43 5.47 5.58
A r 2.59 2.34 2.75 2.51 2.55 2.75 2.63 2.68 2.68 2.54 2.78 2.58 2.57 2.53 2.42
A r 2.56 2.55 2.66 2.48 2.55 2.62 2.51 2.50 2.47 2.58 2.57 2.50 2.46 2.49 2.63
Ti 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.02 0.01
Fe'' 5.84 5.64 5.59 5.80 5.76 5.70 5.89 5.70 6.08 5.76 5.84 5.95 5.66 5.67 5.94
Cr 0.00 0.00 - 0.00 - 0.00 - - - - - . . . 0.00
Mn 0.05 0.04 0.04 0.04 0.04 0.05 0.05 0.05 0.03 0.04 0.06 0.05 0.05 0.04 0.03
Mg 3.55 3.53 3.72 3.66 3.62 3.66 3.56 3.79 3.48 3.53 3.60 3.51 3.87 3.73 3.22
Ca 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.03 0.01
Na 0.01 0.05 ■ 0.01 - - 0.03 0.02 0.03 0.10 0.02 0.01 0.01 0.01 0.09
K 0.01 0.12 0.01 0.02 0.02 0.01 - - - - - - . . 0.03
F - - - - - - 0.14 0.10 - 0.04 - - 0.11 0.07 0.10
Cl 0.01 0.02 0.01 0.02 0.02 0.02 0.06 0.04 0.02 0.07 0.03 0.04 0.03 0.02 0.02
Cations 20.02 19.96 20.03 20.02 20.00 20.05 20.05 20.09 20.11 20.03 20.10 20.04 20.05 20.00 19.94
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Appendix B1. Chlorite A nalyses (continued)
Sample 96-M6A2 96-1-16A3 96-1-16A4 96-1-16B1 96-1-16B2 96-1-16B3 96-1-16B4 96-1-16G1 96-M6C2 96-M6D2 96-1-1981 96-1-27A1 96-1-27A2 96-1-27B1 96-1-27B2
Rock Type PG PG PG PG PG PG PG PG PG PG PG PG PG PG PG
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA OSU UofA UofA UofA UofA
Occurrence gm gm gm vei vei vei vei gm gm gm gm gm gm gm gm
SIO2 25,13 27,29 25,24 26,18 25,76 24,44 26,55 26,27 26,79 25,34 28,16 24,62 25,91 24,84 25,35
TIOj 0,05 b,d. 0,03 b,d. b,d. b,d. b,d. 0,02 0,02 0,08 0,03 0,03 b.d. b.d. b.d.
AijOj 19,62 19,78 19,54 20,97 20,50 21,94 19,70 19,74 20.71 16.59 18,74 21,51 20,91 21,25 21,21
CtiO j 0,01 0,01 b,d. b,d. b,d. b,d. b,d. b,d. b.d. b.d. n,d. b.d. 0,01 0,02 b.d.
f e d ' 32,61 26,01 31,13 30,38 30,06 31,97 29,38 29,13 30,30 33,65 20,11 32,07 25,75 29,24 29,12
MnO 0,16 0,13 0,14 0,18 0,17 0,18 0,16 0,16 0,15 0,11 0,51 0,14 0,29 0,19 0,18
MgO 10,14 14,90 11,36 10,98 11,25 10,04 12,94 12,38 11,31 12,29 20,66 10,83 15,47 12,80 13,28
CaO 0,03 0,18 0,05 0,10 0,10 0,02 0,02 0,09 0,13 0,16 0,06 b.d. 0,02 0,03 b.d.
Na;0 0,08 b,d. 0,04 0,03 0,04 0,01 0,01 0,02 0,02 0,03 0,05 b.d. b.d. b.d. 0,02
KjO 0,13 0,06 0,07 0,05 0,16 0,02 0,04 0,12 0,14 0,42 n.d. 0,03 0,03 0,03 0,03
F 0,08 0,01 0,03 0,05 0.07 0,05 0,05 0,04 0,02 0,07 0,13 0,03 b.d. 0,01 b.d.
Cl 0,01 0,02 0,03 0,03 0,02 0,02 0,03 0,01 b.d. 0,05 0,09 0,02 0,01 0,01 0,02
Total 88,05 88,39 87,66 88,95 88,13 88,69 88,88 87,98 89,59 88,79 88,54 89,28 88,40 88,42 89,21
SI 5,51 5,71 5,51 5,57 5,55 5,28 5,63 5,63 5,65 5,58 5,73 5,29 5,43 5,31 5,36
Al" 2,49 2,29 2,49 2,43 2,46 2,72 2,37 2,37 2,35 2,42 2,27 2,71 2,57 2,69 2,65
A^ 2,57 2,58 2,53 2,83 2,74 2,86 2,55 2,61 2,79 1,88 2,22 2,72 2,58 2,66 2,63
TI 0,01 • 0,01 - ■ - - 0,00 0,00 0,01 0,01 0,01 - - ■
Fe'* 5,98 4,55 5,68 5,41 5,41 5,78 5,21 5,22 5,34 6,20 3,42 5,76 4,51 5,23 5,14
Cr 0,00 0,00 - - - - - - - - - - 0,00 0,00 -
Mn 0,03 0,02 0,03 0,03 0,03 0,03 0,03 0,03 0,03 0,02 0,09 0,03 0,05 0,03 0,03
Mg 3,31 4,65 3,70 3,48 3,61 3,23 4,09 3,96 3,56 4,03 6,26 3,47 4,83 4,08 4,18
Ca 0,01 0,04 0,01 0,02 0,02 0,01 0,01 0,02 0,03 0,04 0,01 ■ 0,00 0,01 ■

Na 0,03 - 0,02 0,01 0,02 0,00 0,00 0,01 0,01 0,01 0,02 - - - 0,01
K 0,04 0,02 0,02 0,01 0,04 0,01 0,01 0,03 0,04 0,12 - 0,01 0,01 0,01 0,01
F 0,11 0,01 0,04 0,07 0,10 0,07 0,07 0,05 0,03 0,10 0,17 0,04 - 0,01 -
Cl 0,01 0,01 0,02 0,02 0,02 0,02 0,02 0,01 - 0,04 0,06 0,02 0,01 0,01 0,01
Cations 19,98 19,86 19,99 19,80 19,88 19,92 19,91 19,89 19,79 20,32 20,03 19,99 19,99 20,01 20,01
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Appendix B1. Chlorite Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

96-1-27C1
PG

UofA
gm

96-1-2702
PG

UofA
gm

96-1-2703
PG

UofA
gm

96-1-2704
PG

UofA
gm

96-1-27E1
PG

UofA
gm

96-1-27E2
PG

UofA
gm

96-1-27E3
PG

UofA
gm

96-1-27E4
PG

UofA
gm

96-1-29A1
PG/basalt

OSU
gm

96-1-29A2
PGftjasalt

OSU
gm

96-1-29A3
PG/basalt

OSU
gm

96-1-2A1
PG

UofA
gm

96-1-2A2
PG

UofA
gm

96-1-2A3 
PG 

UofA 
gm

96-1-2B1
PG

UofA
gm

SIO, 25.29 25.28 24.75 25.44 25.58 25.05 24.64 24.67 28.05 27.24 27.21 24.70 24.17 23.84 24.40
TIOj 0,01 0.01 0.07 0.07 0.02 0.01 b.d. 0.04 0.05 0.06 0.02 0.02 0.05 0.02 0.03
AI^O) 21.31 20.62 20.81 21.54 21.08 21.01 21.06 20.97 16.83 17.20 17.35 20.26 21.01 20.71 21.08
CrzO] 0.01 b.d. 0.02 b.d. 0.01 b.d. b.d. b.d. n.d. n.d. n.d. 0.02 b.d. b.d. 0.01
FeO^ 28.41 28.39 30.84 28.91 26.73 27.80 31,32 28.56 28.01 28.11 28.04 32.29 31.03 31.48 32.34
MnO 0.21 0.20 0.18 0.20 0.19 0.16 0.20 0.23 0.24 0.37 0.41 0.24 0.14 0.22 0.27
MgO 13.86 13.93 11.91 13.60 14.31 13.75 11.29 12.78 15.08 13.94 12.94 10.73 11.68 11.58 10.96
CaO b.d. 0.01 b.d. 0.04 0.01 0.03 b.d. 0.03 0.18 0.17 0.22 0.04 0.02 0.01 0.05
NaiO 0.01 0.04 b.d. 0.01 b.d. 0.01 b.d. 0.09 0.14 0.08 0.11 b.d. 0.03 0.01 0.01
K ,0 0.04 0.02 0.03 0.03 0.03 0.02 0.04 0.04 n.d. n.d. n.d. 0.10 0.04 0.01 0.03
F 0.02 b.d. 0.01 0.02 0.02 b.d. 0.04 b.d. 0.10 0.07 0.38 b.d. b.d. b.d. b.d.
0 1 b.d. 0.01 b.d. 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.04 0.03 0.03 0.01 b.d.
Total 89.17 88.51 88.62 89.88 87.99 87.85 68.60 87.43 88.70 87.26 86.72 88.43 88.20 87.89 89.18
Si 5.33 5,37 5.33 5.33 5.41 5.35 5.32 5.32 5.93 5.87 5.93 5.38 5.24 5.21 5.26
A r 2,67 2.63 2.68 2.68 2.59 2.65 2.68 2.68 2.07 2.13 2.07 2.62 2.76 2.79 2.74
A r 2.61 2.53 2.60 2.64 2.66 2.63 2.67 2.65 2.13 2.24 2.38 2.57 2.61 2.54 2.62
TI 0.00 0.00 0.01 0.01 0.00 0.00 - 0.01 0.01 0.01 0.00 0.00 0.01 0.00 0.01
Fe'* 5.01 5.05 5.55 5.06 4.73 4.96 5.65 5.15 4.96 5.07 5.11 5.88 5.63 5.75 5.83
Cr 0.00 - 0.00 - 0.00 - - - - - . 0.00 - ■ 0.00
Mn 0.04 0.04 0.03 0.04 0.03 0.03 0.04 0.04 0.04 0.07 0.08 0.04 0.03 0.04 0.05
Mg 4.35 4.41 3.82 4.24 4.51 4.37 3.63 4.11 4.76 4.48 4.20 3.48 3.78 3.77 3.52
Ca - 0.00 - 0.01 0.00 0.01 ■ 0.01 0.04 0.04 0.05 0.01 0.01 0.00 0.01
Na 0.00 0.02 - 0.00 - 0.00 - 0.04 0.06 0.03 0.05 - 0.01 0.00 0.00
K 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 - - - 0.03 0.01 0.00 0,01
F 0.03 ■ 0.01 0.03 0.03 - 0.06 - 0.13 0.10 0.52 - - • .

Cl - 0.01 - 0.01 0.01 0,01 0.01 0.02 0.01 0.02 0.03 0.02 0.02 0.01 .

Cations 20,03 20.05 20.02 20.01 19.96 20.01 20.00 20.02 19.98 19.94 19,86 20.02 20,07 20.12 20,05
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Sample 
Rock Type 
Location 
Occurrence

96-1-282 96-1-2C1 
PG PG 

UofA UofA 
gm gm

96-1-202
PG

UofA
gm

96-1-2C3
PG

UofA
gm

96-1-3A1 
PG 

UofA 
gm

96-1-0A2 96-1-3B2 
PG PG 

UofA UofA 
gm gm

96-1-3B3 96-1-3C1 
PG PG 

UofA UofA 
gm gm

96-1-3C2
PG

UofA
gm

96-1-303 96-1-3D1 96-1-3D2 96-1-5B2 96-1-5B4 96-2-1A1 
PG PG PG PG PG basalt 

UofA UofA UofA UofA UofA OSU 
gm gm gm gm gm int

SIO2 24.70 24.43 24.38 23.78 24.12 24.06 25.04 25.26 23.90 24.73 24.41 24.93 25.49 25.26 25.18 27.30
TiOj 0.05 0.10 0.06 0.04 0.07 0.05 0.01 0.04 0.08 0.04 0.03 0.08 0.07 0.04 0.01 0.06
AI2O3 20.69 21.15 21.12 21.64 21.20 21.32 19.07 19.61 21.08 20.39 20.87 20.84 20.97 19.28 19.61 17.09
CrzO) b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. n.d.
FeO^ 31.52 30.82 31.95 33.52 33.50 31.58 32.05 30.90 31.95 31.85 33.65 31.68 31.31 31.99 31.61 28.72
MnO 0.28 0.21 0.29 0.32 0.24 0.27 0.34 0.30 0.21 0.27 0.25 0.25 0.22 0.23 0.23 0.46
MgO 11.46 11.97 10.42 9.18 9.25 10.65 11.02 11.59 10.73 10.99 10.03 11.12 11.44 11.05 11.13 13.06
CaO 0.20 b.d. 0.02 0.02 0.05 0.03 0.20 0.12 b.d. 0.03 b.d. 0.06 0.36 0.14 0.19 0.14
Na2 0 0.02 0.01 0.08 0.04 0.01 0.01 0.02 0.03 0.01 0.01 b.d. 0.05 0.04 0.09 0.11 0.05
K2O 0.04 0.02 0.04 0.04 0.01 b.d. 0.03 0.02 0.01 b.d. b.d. b.d. 0.01 0.14 0.17 n.d.
F b.d. b.d. b.d. b.d. 0.09 0.05 0.04 b.d. 0.04 0.04 0.03 0.01 0.04 b.d. b.d. 0.08
Cl 0.02 b.d. 0.02 0.02 0.01 0.02 0.01 0.01 0.02 b.d. b.d. b.d. 0.01 0.03 0.02 0.04
Total 88.98 88.71 88.38 88.60 88.55 88.04 87.83 87.88 88.03 88.35 89.27 89.02 89.96 88.26 88.26 87.00
Si 5.32 5.25 5.30 5.20 5.28 5.25 5.50 5.49 5.22 5.37 5.30 5.36 5.41 5.51 5.48 5.93
Al" 2.68 2.75 2.70 2.80 2.72 2.76 2,51 2.51 2.78 2.63 2.71 2.84 2.59 2.49 2.52 2.07
AI" 2.57 2.61 2.71 2.78 2.75 2.72 2.42 2.51 2.65 2.59 2.63 2.64 2.64 2.46 2.50 2.30
TI 0.01 0.02 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01
Fe** 5.68 5.54 5.81 6.13 6.13 5.76 5.88 5.62 5.84 5.79 6.11 5.70 5.55 5.83 5.75 5.21
Cr - - - - - - - - - - - - - 0.00 . .

Mn 0.05 0.04 0.05 0.06 0.04 0.05 0.06 0.06 0.04 0.05 0.05 0.05 0.04 0.04 0.04 0.09
Mg 3.68 3.84 3.38 3.00 3.02 3.46 3.61 3.76 3.50 3.56 3.24 3.56 3.62 3.59 3.61 4.23
Ca 0.05 - 0.01 0.01 0.01 0.01 0.05 0.03 - 0.01 - 0.01 0.08 0.03 0.04 0.03
Na 0.01 0.00 0.03 0.02 0.00 0.00 0.01 0.01 0.00 0.00 ■ 0.02 0.02 0.04 0.05 0.02
K 0.01 0.01 0.01 0.01 0.00 - 0.01 0.01 0.00 - - ■ 0.00 0.04 0.05 .
F - ■ - - 0.13 0.07 0.06 - 0.06 0.06 0.04 0.01 0.05 . . 0.11
Ci 0.02 - 0.02 0.02 0.01 0.02 0.01 0.01 0.02 - - • 0.01 0.02 0.02 0.03
Cations 20.05 20.05 20.00 20.01 19.97 20.01 20.04 19.99 20.05 20.01 20.03 19.99 19.97 20.04 20.05 19.88
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Appendix B1. Chlorite A nalyses (continued)
Sample 96-2-1B1 96-2-1B2 96-2-1C1 96-2-1C2 96-2-1D2 96-2-1D3 96-2-1 El 96-2-1E2 96-2-7A1 96-2-7A2 96-2-7B1 96-2-7B2 96-2-701 96-2-7C2 99-1-30A1 99-1-30A2
Rock Type basalt basalt basalt basalt basait basalt basalt basalt basait basait basait basait basait basait gabbro gabbro
Location OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU UofA UofA
Occurrence vei gm int int int int Int gm gm int gm gm gm gm gm gm
SiOj 26.39 28.14 27.72 27.63 26.23 27.22 26.02 26.12 25.04 27.12 26.44 26.14 26.14 26.77 30.41 29.65
TIOj 0,05 0.06 0.06 0.05 0.02 0.02 0.01 0.01 0.03 0.02 0,03 0.04 0.02 0.02 b.d. b.d.
AljOj 17.06 16.38 16.15 16.94 17.05 16.44 18.92 16.62 19.56 17.00 18.86 18.53 19.07 18.65 18.99 19.56
OriO; n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. b.d. b.d.
FeO^ 29.24 29.69 28.87 28.31 29.70 29.77 30.57 29.16 26.93 26.26 27,70 25.86 28.06 25.59 12.50 12.57
MnO 0.54 0.56 0.47 0.52 0.47 0.56 0.74 0.59 0.32 0.29 0.35 0.29 0.28 0.24 0.14 0.13
MgO 13.36 14.08 14.29 14.34 12.94 14.12 12.88 12.55 14.58 15.66 14.86 15.63 14.45 14.24 25.49 25.52
CaO 0.06 0.10 0.11 0.13 0.09 0.04 0.03 0.06 0.01 0.10 0.07 0.49 0.03 0.22 0.14 0.07
N8 2 O 0.05 0.02 0.08 0.10 0.06 0.03 0.02 0.28 0.04 0.10 0.07 0.04 0.02 0.23 0.02 0.02
K2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. 0.01 b.d.
F b.d. 0.01 0.01 0.14 b.d. b.d. b.d. 0.12 b.d. 0.03 0.01 0.06 b.d. 0.18 b.d. b.d.
0 1 0.02 0.02 0.06 0.06 0.04 0.02 0.02 0.03 0.02 0.03 0.04 0.08 0.03 0.05 0.01 0,01
Total 86.77 89.06 87.82 88.22 86.60 88.22 89.21 85.54 86.53 86.61 88.43 87,16 88.10 86,19 87.71 87,53
SI 5.78 5.98 5.97 5.91 5.77 5.86 5.56 5.82 5.42 5.84 5.61 5.59 5.57 5.77 5.95 5.82
Al" 2.23 2.02 2.04 2.10 2.23 2.14 2.44 2.18 2.58 2.16 2.39 2.41 2.43 2.23 2.05 2.18
Al'" 2.17 2.08 2.06 2.17 2.18 2.03 2.33 2.19 2.41 2.15 2.32 2.26 2.36 2.51 2.32 2.34
Ti 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.00 - -

Fe'*
Cr

5.35 5.28 5.20 5.06 5.46 5.36 5.47 5.44 4.88 4.73 4.91 4.63 5.00 4.62 2.05 2.06

Mn 0.10 0.10 0.09 0.09 0.09 0.10 0.13 0.11 0.06 0.05 0.06 0.05 0.05 0.04 0.02 0.02
Mg 4.36 4.46 4.58 4.57 4.24 4.53 4.11 4.17 4.71 5.03 4.70 4.99 4.59 4.58 7.43 7.47
Ca 0.01 0.02 0.03 0.03 0.02 0.01 0,01 0.01 0.00 0.02 0.02 0.11 0.01 0.05 0.03 0.02
Na 0.02 0.01 0.03 0.04 0.03 0.01 0.01 0.12 0.02 0.04 0.03 0.02 0.01 0.10 0.01 0.01
K - - - - - - - - - - - - - ■ 0.00 .

F - 0.01 0.01 0.19 - - - 0.17 - 0.04 0.01 0.08 ■ 0.25 . ■

Cl 0.02 0.01 0.04 0.04 0,03 0.02 0.02 0.02 0.02 0.02 0.03 0.06 0.02 0.04 0.01 0.01
Cations 20.02 19.96 19.99 19.97 20,03 20.05 20.05 20.05 20.08 20.02 20.04 20.07 20.03 19.90 19.86 19.92
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Appendix B1. Chlorite A nalyses (continued)
Sample 99-1-30A3 99-1-30A4 99-1-30B1 99-1-30B2 99-1-30B3 99-1-30B4 99-2-12A1 99-2-12A2 99-2-12A3 99-2-12B1 99-2-12B2 99-2-12B3 99-2-12B4 99-2-12C1 99-2-12C2
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm gm gm
SIC} 29.08 28.88 30.50 30.61 28.09 28.75 25.25 25.83 26.45 26.09 27.07 26,05 26.64 27.32 25.28
TiOj b.d. b.d. b.d. 0.01 b.d. b.d. 0.02 0.02 b.d. b.d. b.d, 0.06 0.03 b.d. b.d.
A I A 19.63 19.61 17.17 16.91 20.83 20.70 19.09 19.28 18.94 19.86 18.95 18.75 19.24 18.56 19.16
C r A b.d. b.d. 0.03 b.d. b.d. b.d. b.d. 0.03 b.d. 0.02 0.01 0.01 b.d, b.d. b.d.
FeO^ 12.40 13.17 13.82 14.01 12.05 12.13 27.27 28.03 23.69 28.18 24.31 24.85 24.15 25.56 26.25
MnO 0.14 0.16 0.16 0.13 0.09 0.07 0.73 0.73 1.02 0.74 0.69 0.94 1.06 0.83 0.91
MgO 25.59 25.08 24.78 24.10 24.97 24.77 14.18 13.96 16.24 14.43 17.09 15.88 16.05 15.42 14.86
CaO 0.06 0.07 0.20 0.29 0.04 0.06 0.04 0.08 0.11 0.04 0.04 0.10 0.06 0.16 0.02
N a,0 0.02 0.01 0.02 0.03 0.01 0.10 b.d. 0.01 0.02 b.d. b.d. b.d. 0.03 0.06 0.04
KjO 0.01 0.01 0.03 0.06 b.d. b.d. 0.02 0.03 0.04 0.05 0.02 0.02 0.04 0.04 0.04
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.02 b.d. 0.01 b.d. 0.01 b.d. b.d. 0.01 0.01 b.d. 0.01 b.d. 0.02 0.03 b.d.
Total 86.95 86.99 86.72 86.15 86.09 86.58 86.60 88.01 86.52 89.41 88.19 86.66 87.32 87.98 86.56
SI 5.75 5.73 6.09 6.15 5.60 5.69 5.49 5.53 5.64 5.49 5,65 5.58 5.63 5.76 5.47
Al"' 2.25 2.27 1.91 1.85 2.40 2.31 2.52 2.47 2.37 2.51 2.35 2.42 2.37 2.24 2.53
Al'" 2.32 2.32 2.12 2.16 2.49 2.52 2.37 2.39 2.39 2.41 2.31 2.31 2.42 2.37 2.35
TI • ■ - 0.00 ■ ■ - 0.00 - - - 0.01 0.01 - -
Fe** 2.05 2.19 2.31 2.36 2.01 2.01 4.95 5.02 4.22 4.96 4,25 4.45 4.27 4.51 4.75
Cr - • 0.01 - - - ■ 0.01 - 0.00 0.00 0.00 - - -
Mn 0.02 0.03 0.03 0.02 0.02 0.01 0.13 0.13 0.18 0.13 0.12 0.17 0.19 0.15 0.17
Mg 7.54 7.42 7.37 7.22 7.42 7.31 4.59 4.46 5.16 4.53 5.32 5.07 5,06 4.85 4.79
Ca 0.01 0.02 0.04 0.06 0.01 0.01 0.01 0.02 0.03 0.01 0.01 0.02 0.01 0.04 0.01
Na 0.01 0.00 0.01 0.01 0.00 0.04 - 0.00 0.01 - - - 0.01 0.03 0.02
K
p

0.00 0.00 0.01 0.02 - - 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

Cl 0.01 - 0.01 . 0.01 . _ 0.01 0.01 0.01 0.01 0.02
Cations 19.96 19.97 19.90 19.85 19.95 19.90 20.07 20.03 19.99 20.05 20.01 20.04 19.98 19.95 20.10
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Sample 
Rock Type 
Location 
Occurrence

99-2-1 Bl
basalt
UolA

am

99-2-183 99-2-184 
basalt basalt 
UofA UofA 

am am

101-1-2481
basalt
UofA

gm

101-1-2484 101-1-2A1 
basalt basalt 
UofA UofA 

gm gm

101-1-2A2 101-1-2A3 101-1-281 
basalt basalt basalt 
UofA UofA UofA 

gm gm gm

101-1-282 102-4-182 102-4-1C1 
basalt epidosite epidosite 
UofA UofA UofA 

gm gm gm

102-4-1C2 102-4-1C3 102-4-1D1 
epidosite epidosite epidosite 

UofA UofA UofA 
gm gm gm

SIO2 28.72 27.75 28.25 29.29 28.56 29.67 29.47 28.98 31.07 28.51 29.92 27.78 27.44 29.31 29.44
TIO; 0.08 0.06 0.05 0.04 0.02 0.03 0.06 0.04 0.03 0.05 b.d. 0.01 b.d. b.d. b.d.
AljOj 18.62 20.75 20.51 15.37 16.87 15.28 15.06 16.42 15.50 17.13 19.47 20.60 20,63 19.89 20.30
CfjOs 0.04 0.02 0.02 0.02 b.d. 0.01 0.01 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d.
FeO^ 13.05 13.70 14.06 23.34 22.90 24.41 25.26 24.42 23.10 24.57 11,20 16.29 17.28 12.19 11.71
MnO 0.13 0.14 0.12 0.25 0.25 0.25 0.25 0.25 0.25 0.24 0.19 0.22 0.18 0.16 0,09
MgO 23.40 23.19 23.77 17.72 17.06 16.43 16.57 16.90 17.11 16.98 26.50 22.08 21.58 25.25 26.08
CaO 0.20 0.19 0.15 0.26 0.17 0.17 0.12 0.13 0.31 0.17 0.02 0.03 0.01 0.04 0.03
Na; 0 0.03 0.06 0.04 0.06 0.02 0.05 0.01 0.07 0.04 0.04 b.d. b.d. b.d. 0.01 b.d.
K2O 0.03 0.02 0.02 0.06 0.06 0.15 0.15 0.12 0.19 0.08 0.03 0.01 0.02 0.02 0.01
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.20 0.15 0.12 0.20 0.21
0 1 0.01 0.03 0.03 b.d. 0.06 0.01 b.d. 0.01 0.01 0.01 b.d. b.d. b.d. b.d. b.d.
Total 84.31 85.91 87.02 86.41 85.97 86.46 86.96 87.34 87.62 87.78 87.53 87.17 87.26 87.07 87,87
Si 5.88 5.60 5.64 6.20 6.06 6.30 6.25 6.09 6.44 5.97 5.85 5.61 5.56 5.79 5.74
Al" 2.12 2.40 2.37 1.80 1.94 1.70 1.75 1.91 1.56 2.03 2.16 2.40 2.44 2.21 2.26
Al'" 2.37 2.53 2.45 2.03 2.27 2.12 2.02 2.16 2.22 2.19 2.32 2.50 2.49 2.41 2.41
Ti 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 - 0.00 - - •

Fe** 2.24 2.31 2.35 4.13 4.06 4.34 4.48 4.29 4.00 4.30 1.83 2.75 2.93 2.01 1.91
Or 0.01 0,00 0.00 0.00 - 0.00 0.00 - 0.00 - - - ■ ■ ■

Mn 0.02 0.02 0.02 0.05 0.05 0.05 0.05 0.05 0.04 0.04 0.03 0.04 0.03 0.03 0.02
Mg 7.15 6.98 7.07 5.59 5.39 5.20 5.24 5.30 5.29 5.30 7.72 6.64 6.52 7,43 7.58
Ca 0.04 0.04 0.03 0.06 0.04 0.04 0.03 0.03 0.07 0.04 0.00 0.01 0.00 0.01 0.01
Na 0.01 0.02 0.02 0.03 0.01 0.02 0.00 0.03 0.02 0.02 - - . 0.00 .

K 0.01 0.01 0.01 0.02 0.02 0.04 0.04 0.03 0.05 0.02 0.01 0.00 0.01 0.01 0.00
F - - - - - - - - - - 0.25 0.19 0.15 0.25 0.26
Cl 0.01 0.02 0.02 - 0.04 0.01 - 0.01 0.01 0.01 ■ ■ ■ . .

Cations 19.86 19.93 19.95 19.90 19.84 19,81 19.87 19.89 19.69 19.92 19.91 19.94 19.97 19.90 19.92
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Sample 
Rock Type 
Location 
Occurrence

102-4-1D2 102-4-1D3 102-4-1D4 105-1-14A1 105-1-14A2 105-1-25A1 105-1-6A1 105-1-6D2 105-1-8(b)C1 105-1-8(b)D1 10M-6a1 105-3-6a2 105-3-6a3 105-3-6a4 
epidosite epidosite epidosite gabbro gabbro gabbro gabbro gabbro gabbro gabbro basait basait basait basait 

UofA UofA UofA OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU
Gm Gm gm gm inc vei gm pia gm gm qm qm int oia

8102 28,60 29.38 28.30 25.78 24.94 28.01 27.50 30.32 28.37 28.48 27.45 27.26 26.84 26.81
TIO2 b.d. b.d. 0.02 0.01 0.08 b.d. 0.02 0.02 b.d. b.d. 0.03 0.05 0.02 0.04
AI2O3 20.66 20.21 20.71 22.46 19.98 21.17 18.11 15.03 21.11 20.96 18.18 17.81 18.08 18.04
Cr203 b.d. b.d. b.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d, n.d, n.d, n.d. n.d.
FeÔ 14.74 12.56 16.19 14.11 26.84 12.87 28.62 18.77 9.91 9.52 27.73 28.93 27.81 28.28
MnO 0.12 0.18 0.16 0.21 0.24 0.18 0.37 0.25 0.16 0.19 0.38 0.41 0.40 0.37
MgO 24.44 25.79 22.97 21.68 14.67 24.40 14.48 22.35 26.44 27.00 15.38 14.26 14.61 14.22
CaO b.d. b.d. 0.01 0.10 0.15 0.01 0.18 0.18 b.d. 0.07 0.17 0.45 0.20 0.11
N320 b.d. b.d. b.d. 0.02 0.07 0.02 0.07 0.05 0.01 0.02 0.04 0.05 0.03 0.03
K2O 0.02 0.01 0.02 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
F 0.19 0.25 0.20 0.13 0.08 b.d. b.d. b.d. b.d. b.d. 0.04 0.07 0.38 b.d.
Cl 0.02 b.d. b.d. 0.05 0.08 0.02 0.11 0.12 0.02 0.05 0.06 0.06 0.09 0.06
Total 88.79 88.38 88.60 84.55 87.13 86.68 89.46 87.09 86.02 86.29 89.46 89.35 88.46 87.96
Si 5.62 5.73 5.61 5.32 5.37 5.57 5.78 6.21 5.60 5.60 5.75 5.76 5.72 5.74
Al"' 2.39 2.27 2.39 2.68 2.63 2.43 2.22 1.79 2.40 2.40 2.25 2.24 2.28 2.27
Al'" 2.39 2.37 2.45 2.78 2.43 2.53 2.27 1.84 2.50 2.45 2.23 2.20 2.27 2.28
TI • - 0.00 0.00 0.01 - 0.00 0.00 - - 0.01 0.01 0.00 0.01
Fe**
Cr

2.42 2.05 2.69 2.44 4.83 2.14 5.03 3.22 1.64 1.56 4.86 5.12 4.96 5.06

Mn 0.02 0.03 0.03 0.04 0.04 0.03 0.07 0.04 0.03 0.03 0.07 0.07 0.07 0.07
Mg 7.15 7.50 6.79 6.67 4.71 7.24 4.54 6.82 7.78 7.91 4.80 4.50 4.65 4.54
Ca - - 0.00 0.02 0.04 0.00 0.04 0.04 - 0.02 0.04 0.10 0.05 0.03
Na - - - 0.01 0.03 0.01 0.03 0.02 0.00 0.01 0.02 0.02 0.01 0.01
K 0.01 0.00 0.01 - - - - - . ■ . . . .

F 0.24 0.31 0.25 0.17 0.11 - - - - - 0.05 0.09 0.51 -

Cl 0.01 - - 0.04 0.06 0.01 0.08 0.08 0.01 0.03 0.04 0.04 0.07 0.04
Cations 19.99 19.95 19.96 19,95 20.09 19.95 19.98 19.98 19.95 19.97 20.01 20.01 20.00 19.98
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Sample 
Rock Type 
Location 
Occurrence

105-3-635 105-3-6B1 
basalt basalt 
OSU OSU

gm gm

105-3-6B2
basalt
OSU

gm

105-3-6C2
basalt
OSU

gm

105-3-603
basalt
OSU

gm

105-3-6C4 105-3-6D1 
basalt basalt 
OSU OSU

Int gm

106-2-10A2 106-2-11B1 
gabbro PG 

OSU OSU
Inc gm

106-2-1102 106-2-1103 106-2-11D1 106-2-11D2 106-2-5a1 
PG PG PG PG gabbro 

OSU OSU OSU OSU OSU
Int Int gm gm gm

SIO; 25.62 25.88 25.59 26.44 25.70 27.14 26.40 25.42 23.89 23.51 23.01 23.87 24.46 26.50
TiOj 0.02 0.06 0.04 0.03 0.04 0.03 0.03 0.09 0.03 0.02 0.02 0.04 0.09 0.01
AÎ O) 19.32 19.02 19.86 19.11 18.96 18.34 18.51 17.82 21.08 20,10 20.06 20,49 20.96 19.73
Cr̂ O] n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
FeÔ 30.74 27.90 27.70 28.00 27.81 27.43 28.22 34.62 24.79 32.64 31.86 27,22 26.05 22.43
MnO 0.39 0.42 0.46 0.37 0.37 0.42 0,40 0.23 0.30 0.37 0.35 0.36 0,37 0,26
MgO 11.78 13.83 14.28 14.43 13.74 13.92 14.77 10,18 14.31 9.97 10.37 13.80 14.60 17.09
CaO 0.21 0.16 0.13 0.11 0,15 0.36 0.13 0.06 0.45 0.07 0.11 0.13 0.12 0.20
Na%0 0.05 0.06 0.06 b.d. 0.06 0.07 0.03 0.05 0.12 0.04 0.09 0.03 0.07 0.10
K2O n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
F 0.01 0.12 b.d. b.d. 0.35 0.19 b.d. 0.06 0.05 b.d. 0.04 b.d. 0.06 0.09
Cl 0.12 0.09 0.09 0.06 0.06 0.05 0.04 0.04 0.03 0.04 0.06 0.08 0.11 0.06
Total 88.26 87.54 88.21 88.55 87.24 87.95 88.53 88.57 85.05 86.76 85.97 86.02 86.89 86.47
SI 5.55 5.57 5.45 5.61 5.57 5.79 5.61 5.61 5.23 5.26 5.19 5.23 5.26 5.59
Al" 2.45 2.43 2.55 2.40 2.43 2.21 2.39 2.39 2.78 2.74 2.81 2.77 2.74 2.41
Al” 2.48 2.40 2.44 2.38 2.40 2.40 2.25 2.24 2.66 2.55 2.52 2.51 2.57 2.50
Tl 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.00 0.00 0.01 0.02 0.00
Fe**
Or

5.57 5.03 4.94 4.96 5.04 4.89 5.02 6.39 4.53 6.11 6.01 4.99 4.69 3.96

Mn 0.07 0.08 0.08 0.07 0.07 0.08 0.07 0.04 0.06 0.07 0.07 0.07 0,07 0.05
Mg 3.80 4.44 4.54 4.56 4.44 4.43 4.68 3.35 4.67 3.33 3.49 4.51 4.68 5.38
Ca 0.05 0.04 0.03 0.03 0.04 0.08 0.03 0.01 0.11 0,02 0.03 0.03 0.03 0.05
Na
K

0.02 0.03 0.03 - 0.03 0.03 0.01 0.02 0.05 0.02 0.04 0.01 0.03 0.04

F 0.01 0.16 - - 0.48 0.26 . 0.08 0.07 0.06 0.08 0.12
Cl 0.09 0.07 0.07 0.04 0.04 0.04 0.03 0.03 0.02 0.03 0.05 0.06 0.08 0.04
Cations 19.99 20.01 20.05 20.00 20.01 19.91 20.06 20.07 20.07 20,09 20.15 20.12 20.08 19.97
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Appendix B1. Chlorite A nalyses (continued)
Sample 
Rock Type 
Location 
Occurrence

106-2-5a2
gabbro

OSU
gm

106-2-5b1
gabbro

OSU
Inc

106-2-5C1
gabbro

OSU
ini

106-2-5C2 108-1-6D1 
gabbro gabbro 

OSU UofA 
ini vei

108-1-603
gabbro

UofA
vei

108-2-12A1
PG

UofA
gm

108-2-12A2 108-2-12B1 
PG PG 

UofA UofA 
gm vei

108-2-12B3 108-2-12C1 
PG PG 

UofA UofA 
vei gm

108-2-12C2
PG

UofA
gm

108-2-1203
PG

UofA
gm

108-2-1204
PG

UofA
gm

SiOj 26.53 26.18 26.12 28.41 31.05 31.09 23.54 23.83 23.55 24.37 24.70 24.46 24.62 25.22
TiOj 0,02 0.12 0.04 0.02 b.d. b.d. 0.01 b.d. b.d. 0.04 b.d. b.d. b.d. b.d.
AIjO, 19.22 19.08 20.35 18.78 18.13 18.03 19.94 20.52 18.84 19.81 19.61 19.95 19.74 19.99
C^O) n.d. n.d. n.d. n.d. b.d. b.d. b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d.
FeÔ 24.91 26,11 26.71 24.93 11.92 11.55 38.32 38.60 36.46 32.79 32.00 32.95 32.69 32.38
MnO 0.27 0.29 0.33 0.35 0.16 0.16 0.29 0.32 0.39 0.32 0.28 0.35 0.31 0.30
MgO 15.69 15.35 14.87 17.28 26.70 25.43 5.52 4,48 4.72 8.10 9.58 8.48 8.94 9.72
CaO 0.20 0.14 0.09 0.48 0.12 0.23 0.03 0.09 0.20 0.06 0.07 0.07 0.04 0.08
Nâ O 0.03 0.14 0.02 0.10 0.04 0.18 0.03 0.02 0.11 0.03 0.05 0.02 0.04 0.04
K;0 n.d. n.d. n.d. n.d. b.d. 0.04 0.01 0.01 b.d. 0.01 0.03 0.05 0.02 0.03
F b.d. b.d. 0.02 0.18 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.03 0.14 0.05 0.16 0.03 0.04 b.d. b.d. b.d. 0.01 0.01 0.01 b.d. 0.02
Total 86.90 87.55 88.60 90.69 88.15 86.75 87.69 87.89 84.27 85.54 86.33 86.34 86.40 87.78
SI 5.64 5.57 5.49 5.78 6.03 6.12 5.36 5.41 5.56 5.52 5.51 5.49 5.51 5.53
Al"' 2.36 2.43 2.51 2.22 1.97 1.88 2.64 2.59 2.44 2.48 2.49 2.51 2.49 2.47
Al" 2.45 2.36 2.53 2.28 2.17 2.30 2.71 2.90 2.80 2.80 2.66 2.76 2.71 2.69
Tl 0.00 0.02 0.01 0.00 - - 0.00 - - 0.01 - - ■ ■
Fe** 4.43 4.65 4.70 4.24 1.94 1.90 7.30 7.33 7.20 6.21 5.97 6.18 6.12 5.94
Cr - - - • - - - 0.00 - - - - - •
Mn 0.05 0.05 0.06 0.06 0.03 0.03 0.06 0.06 0.08 0.06 0.05 0.07 0.06 0.06
Mg 4.97 4.87 4.66 5.24 7.73 7.46 1.87 1.52 1.66 2.73 3.19 2.84 2.98 3.18
Ca 0.05 0.03 0.02 0.11 0.03 0.05 0.01 0.02 0.05 0.02 0.02 0.02 0.01 0.02
Na 0.01 0.06 0.01 0.04 0.02 0.07 0.01 0.01 0.05 0.01 0.02 0.01 0.02 0.02
K - - - - - 0.01 0.00 0.00 - 0.00 0.01 0.01 0.01 0.01
F - - 0.03 0.23 - - - - - - - - - •
Cl 0.02 0.10 0.04 0.11 0.02 0.03 - - - 0.01 0.01 0.01 . 0.02
Cations 19.95 20.04 19.98 19.98 19.90 19.82 19.96 19.84 19.84 19.84 19.92 19.88 19.90 19.90
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Appendix B1. Chlorite A nalyses (continued)
Sample 
Rock Type 
Location 
Occurrence

108-2-12C5 108-2-12D1 
PG PG 

UofA UofA 
gm gm

108-2-12D2 108-2-12D3 
PG PG 

UofA UofA 
gm gm

108-2-12D4 108-3-16A1 
PG epidosile 

UofA UofA 
gm gm

108-3-16A2 108-3-16A3 108-3-16A4 108-3-16A5 108-3-1601 
epidoslte epidosile epidosite epidosile epidosile 

UofA UofA UofA UofA UofA 
gm gm gm gm gm

108-3-1602
epidosile

UofA
gm

108-3-1603
epidosile

UofA
gm

SiOj 25.17 25.22 24.51 24.77 26.43 27.98 28.91 28.08 29.00 28.63 29.42 28.98 29.79
TiOj b.d, 0.03 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
AljOa 19.56 19.52 18.79 20.00 19.64 17.82 18.26 18.70 18.02 16.67 17.71 16.59 17.75
CrjOa b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d.
FeO^ 31.82 30.97 30.14 32.24 29.49 24.99 22.85 23.48 22.23 24.94 22.36 24.05 20.00
MnO 0.29 0.32 0.32 0.36 0.32 0.31 0.36 0.32 0.38 0.33 0.30 0.32 0.32
MgO 9.94 10.66 10.53 10.15 12.01 17.22 19.41 18.11 19.00 17.55 19.55 18.36 21.00
CaO 0.05 0.07 0.11 0.04 0.07 0.02 0.03 0.02 0.09 0.03 0.03 b.d. 0.07
NajO 0.03 b.d. 0.01 0.01 0.01 0.02 b.d. b.d. 0.01 0.01 0.01 b.d. 0.01
KjO 0.05 0.03 0.04 0.01 0.02 0.01 0.01 0.03 b.d. 0.02 0.04 0.02 0.01
F b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. 0.06 0.05 b.d. 0.03 b.d.
Cl b.d. 0.02 0.04 0.02 0.02 0.02 0.01 b.d. 0.01 b.d. 0.01 b.d. b.d.
Total 86.91 86.84 84.53 87.60 88.02 88.39 89.85 88.74 88.81 88.23 89.43 88.35 88.95
SI 5.56 5.55 5.55 5.45 5.67 5.83 5.85 5.77 5.92 5.98 5.96 6.01 5.99
Al"' 2.44 2.45 2.45 2.55 2.33 2.17 2.16 2.23 2.08 2.02 2.05 1.99 2.02
Al'" 2.65 2.62 2.56 2.62 2.63 2.21 2,19 2.30 2.25 2.08 2.18 2.06 2.19
Tl - 0.01 0.01 • - - - - - - - - -
Fe** 5.88 5.70 5.71 5.93 5.29 4.36 3.86 4.04 3.79 4.36 3.79 4.17 3.36
Cr - ■ - - 0.00 - - - 0.00 - - - •

Mn 0,05 0.06 0.06 0.07 0.06 0.06 0.06 0.06 0.07 0.06 0.05 0.06 0.05
Mg 3.27 3.50 3.56 3.33 3.84 5.35 5.85 5.55 5.78 5.46 5.90 5.67 6.29
Ca 0.01 0.02 0.03 0.01 0.02 0.00 0.01 0.00 0.02 0.01 0.01 • 0.02
Na 0.01 - 0.00 0.00 0.00 0.01 - - 0.00 0.00 0.00 - 0.00
K 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 • 0.01 0.01 0.01 0.00
F - - - - - ■ 0.01 - 0.08 0.07 - 0.04 -

Cl - 0.02 0.03 0.02 0.02 0.01 0.01 - 0.01 - 0.01 ■ ■

Cations 19.90 19.91 19.94 19.96 19.85 19.98 19.98 19.96 19.91 19.97 19.93 19.96 19.91
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Appendix B1. Chlorite A nalyses (continued)
Sample 
Rock Type 
Location 
Occurrence

108-3-16C4
epidosile

UofA
gm

1083-1701
PG

UofA
gm

108-3-17E2 110-1-1581 110-1-1582 110-1-15D1 110-1-15D2 
PG basait basalt basait basalt 

UofA UofA UofA UofA UofA 
gm vei vei gm gm

110-1-15E1
basalt
UofA

gm

110-1-15E2 110-1-15E3 110-1-15F1 110-1-15F2 110-1-15F3 
basalt basalt basalt basalt basalt 
UofA UofA UofA UofA UofA 

gm gm gm gm gm
SiOj 29.06 24.17 25.14 25.92 26.95 26.34 27.10 26.01 26.69 27.28 28.76 28.55 28.79
TiOj b.d, b.d. b.d. b.d. b.d. 0.12 0.01 0.01 0.05 0.05 0.02 0.04 0.04
AljOs 18.41 19.79 19.90 19.36 19.55 19.79 18.87 18.12 19.43 18.90 16.23 16.46 16.06
Cr2 0 ) b.d. b.d. 0.02 b.d. b.d. b.d. b.d. 0.04 0.05 0.06 0.05 0.06 0.06
FeO^ 20.98 30.39 27.22 23.87 23.89 25.61 24.60 24.42 25.57 25.53 26.66 26.58 26.12
MnO 0.34 0.28 0.28 0.25 0.25 0.30 0.27 0.24 0.25 0.28 0.22 0.26 0.25
MgO 19.93 10.40 12.17 16.74 16.93 15.90 16.42 15.24 16.02 16.28 16.40 16.52 16.22
CaO 0.06 0.10 0.09 0.06 0.11 0.17 0.16 0.11 0.07 0.08 0.06 0.12 0.07
NajO b.d. b.d. 0.06 0.03 0.01 0.03 0.02 0.02 b.d. b.d. 0.05 0.05 0.01
KjO 0.01 0.04 0.04 b.d. b.d. 0.01 0.01 0.05 0.07 0.08 0.03 0.06 0.04
F 0.02 b.d. b.d. 0.01 0.02 b.d. b.d. 0.01 0.04 0.01 0.01 b.d. 0.03
0 1 0.01 0.01 0.03 0.01 0.01 0.01 0.01 b.d. b.d. b.d. b.d. 0.02 b.d.
Total 88,82 85.18 84.95 86.25 87.72 68.28 87.47 84.27 88.24 88,55 88.49 88.72 87.69
SI 5.88 5,43 5.55 5.53 5.63 5,53 5.70 5.71 5.60 5.70 6.04 5.98 6.09
Al"' 2.12 2.57 2.45 2.47 2.37 2.47 2.30 2.29 2.40 2.31 1.96 2,02 1,91
Al'" 2.27 2.67 2.73 2.39 2.44 2.42 2.38 2.39 2.40 2.34 2.05 2.04 2.08
Tl - - - - - 0.02 0.00 0.00 0.01 0.01 0.00 0.01 0.01
Fe'* 3.55 5.71 5.03 4.26 4.17 4.49 4.33 4.48 4.49 4.46 4.68 4.66 4.62
Cr - - 0.00 - - - - 0.01 0.01 0.01 0.01 0.01 0,01
Mn 0.06 0.05 0.05 0.05 0.04 0.05 0.05 0.05 0.04 0.05 0.04 0.05 0.05
Mg 6.02 3.48 4.01 5.32 5,27 4.97 5.15 4,98 5.01 5.07 5.13 5.16 5.11
Ca 0.01 0.02 0.02 0.01 0.03 0.04 0.04 0,03 0.02 0.02 0.01 0.03 0.02
Na • • 0.03 0.01 0.00 0.01 0.01 0.01 - - 0.02 0.02 0.00
K 0.00 0.01 0.01 - - 0.00 0.00 0.01 0.02 0.02 0.01 0.02 0.01
F 0.03 - - 0.01 0.03 - - 0.01 0.05 0.01 0.01 . 0.04
Cl 0.01 0.01 0.02 0.01 0.01 0.01 0.01 - - - - 0.01 -

Cations 19.92 19.95 19.87 20.04 19.96 20.01 19.96 19.95 19.99 19.97 19.96 19.99 19.91
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Appendix B1. Chlorite A nalyses (continued)
Sample 
Rock Type 
Location 
Occurrence

110-1-25A1
basalt
UofA

gm

110-1-25A2
basalt
UofA

gm

110-1-25A3
basalt
UofA

gm

110-1-25A4
basalt
UofA

gm

110-1-25A5 110-1-2501
basalt basalt 
UofA UofA 

gm vei

110-1-25C2
basalt
UofA

vei

110-1-25C3
basalt
UofA

vei

110-1-25C4
basalt
UofA

vei

110-1-25C5
basalt
UofA

gm

110-1-25C6
basalt
UofA

gm

110-1-32A1
basalt
UofA

gm

110-1-32A2
basalt
UofA

gm
SIO2 26.41 25.81 26.69 25.67 26.15 26.71 25.42 26.55 26.89 26.49 26.37 28.67 28.92
TIO2 0,09 0.09 0.02 b.d. 0.02 0.02 0.01 b.d. b.d. b.d. 0.01 0.01 0.07
AI2O3 19.20 18.86 18,69 19.39 19.76 19.67 18.29 19.08 18.77 18.78 18.36 18.07 17.78
CrzOg 0.05 0.05 0.01 0.02 0.01 0.03 0.01 b.d. b.d. 0.27 0.52 0.04 0.06
FeO^ 27.36 27.42 27.04 28.06 28.04 26.47 26.75 26.22 26.36 25.46 26.32 17.74 17.02
MnO 0.27 0.29 0.24 0.28 0.23 0.30 0.30 0.31 0.34 0.26 0.27 0.22 0.22
MgO 13.75 13.62 13.98 13.51 13.83 15.38 13.89 14.59 14.75 15.20 14.02 20.03 20.32
CaO 0.30 0.11 0.43 0.06 0.08 0.06 0.05 0.17 0.27 0.11 0.15 0.09 0.20
NajO 0.02 b.d. 0.05 0.04 0.05 0.04 0.01 0.01 b.d. 0.11 0.05 0.08 0.06
K2O 0.06 0.05 0.04 0.04 0.02 0.05 0.04 0.03 0.02 0.10 0.21 0.02 0.07
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
01 0.03 0.02 0.02 0.02 0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.07 0.07
Total 87.54 86.32 87.21 87.09 88.23 88.75 84.78 86.97 87.41 86.79 86.29 85.04 84.79
SI 5.65 5.61 5.72 5.55 5.56 5.59 5.62 5.68 5.72 5.66 5.71 5.97 6.02
Al" 2.35 2.39 2.28 2.46 2.44 2.41 2.38 2.33 2.28 2.34 2.29 2.03 1.98
Al« 2.48 2.44 2.44 2.48 2.51 2.44 2.38 2.48 2.43 2.39 2.39 2.41 2.38
Tl 0.01 0.02 0.00 - 0.00 0.00 0.00 - - - 0.00 0.00 0.01
Fe** 4.89 4.99 4.85 5.07 4.99 4.64 4.95 4.69 4.69 4.55 4.77 3.09 2.96
Cr 0.01 0.01 0.00 0.00 0.00 0.01 0.00 • - 0.05 0.09 0.01 0.01
Mn 0.05 0.05 0.04 0.05 0.04 0.05 0.06 0.06 0.06 0.05 0.05 0.04 0.04
Mg 4.38 4.41 4.47 4.35 4.38 4.80 4.58 4.65 4.68 4.84 4.53 6.22 6.31
Ca 0.07 0.03 0.10 0.01 0.02 0.01 0.01 0.04 0.06 0.03 0.04 0.02 0.05
Na 0.01 - 0.02 0.02 0.02 0.02 0.00 0.00 - 0.05 0.02 0.03 0.02
K
p

0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.03 0.06 0.01 0.02

Cl 0.02 0.02 0.02 0.02 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.05 0.05
Cations 19.92 19.96 19.93 19.99 19.97 19.98 20.00 19.92 19.92 19.98 19.94 19.82 19.80
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Appendix B1. Chlorite A nalyses (continued)
Sample 110-1-32B2 110-1-5AA2 110-1-5AA3 110-1-5AA4 110-1-5AA5 110-1-5AA6 110-1-5AA7 110-1-5AA8 110-1-5AB1 110-1-5AB2 110-1-5AB3 110-1-5AB4 110-1-5AB5
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UolA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm cor rim rim rim rim cor cor vei vei vei gm gm
SIO2 27.75 27.15 26.78 27.42 27.50 27.38 26.67 26,65 27.17 27,45 27,50 26,84 26,61
TIO2 0.49 b.d. 0.02 0.01 0.02 0.02 0.02 b.d. b.d. b.d. b.d. b,d. b,d.
AI2O3 18,20 18.89 17.74 19.29 18.49 18.73 18.49 18.95 18.82 19.32 19.73 19,08 18,40
Cr2Û3 0.09 0.03 b.d. 0.01 0.03 0.01 0.02 0.02 0.03 0,03 0.03 0,01 0,02
FeO^ 17.88 24.59 23.85 24.43 24.16 24.38 25.16 25.11 24.74 25.26 25.33 24,62 24,44
MnO 0.24 0.30 0.27 0.27 0,30 0.35 0.33 0.28 0.34 0.31 0.30 0,30 0.29
MgO 19.40 16.33 16.34 16.26 17.06 17.20 16.41 16,59 16.78 16.51 17.00 16,44 16,28
CaO 0.45 0.07 0.25 0.17 0.07 0.08 0.01 0.03 0.05 0.13 0.13 0,04 0,04
N82O b.d. b.d. b.d. 0.01 b.d. 0.02 0.01 0.02 0.01 0.04 0.03 0,01 0,07
K2O 0.03 0.05 0.05 0.03 0.05 0.04 0.03 b.d. 0.02 0.02 0.01 b,d. 0,03
F b.d. b.d, b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b,d. b,d.
0 1 0.03 b.d. b.d. b.d. b.d, 0.02 0.01 0,02 0.01 0.02 0.01 0,02 b,d.
Total 84.56 87.41 85.30 87.90 87.68 88.23 87.16 87.67 87.97 89.09 90.07 87,36 86,18
SI 5.84 5.72 5.78 5.73 5.76 5.71 5.66 5.62 5.69 5,68 5.63 5,66 5,69
A r 2.16 2.29 2.22 2.27 2.24 2.30 2,34 2.38 2.31 2.32 2.38 2,34 2,31
Al« 2.35 2.40 2.28 2.47 2.32 2.30 2.28 2,32 2.33 2.39 2.38 2,39 2.33
Tl 0,08 - 0.00 0.00 0.00 0.00 0.00 - - - - - -
Fe** 3.15 4.33 4.30 4.27 4.23 4.25 4.47 4.43 4.33 4.37 4.33 4,34 4,37
Cr 0.02 0.01 ■ 0.00 0.01 0.00 0,00 0.00 0.01 0.01 0.01 0,00 0,00
Mn 0.04 0.05 0.05 0.05 0.05 0.06 0.06 0.05 0.06 0.05 0.05 0,05 0,05
Mg 6.08 5.13 5.26 5.06 5.32 5.34 5.19 5.21 5.24 5.09 5.18 5,17 5,19
Ca 0,10 0.02 0.06 0.04 0.02 0.02 0.00 0.01 0.01 0.03 0,03 0,01 0,01
Na - - - 0.00 - 0.01 0.00 0.01 0.00 0.02 0,01 0,00 0,03
K
p

0.01 0.01 0.01 0.01 0.01 0.01 0.01 - 0.01 0.01 0,00 - 0,01

Cl 0.02 . - . 0.01 0,01 0.01 0.01 0,01 0,01 0,01 •

Cations 19.82 19.94 19.97 19.90 19.96 20.00 20.02 20.03 19.99 19.97 20,00 19,97 20,00
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Appendix
Sample 110-1-5AB6 110-1-5AC1 110-1-5AC2 110-1*5AC3 110-1-5AD1 110-1-5AD2 110-1-5AD3 110-1-5AD4 110-1-5AD5 110-1-5AD6 111-1-3A2 11M-3A3 111-1-381
Rock Type t>asalt basalt basalt basalt basalt basalt basalt basalt basal! basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA OSU OSU OSUOccurrence gm vei vei gm vei vei vei vei vei vei gm gm gm
SiOj 27.32 27.14 27.83 28.08 27.13 26.55 26.87 27.23 27.39 28.11 26.91 27.36 27.08
TIG; b.d. b.d. 0.01 0.04 b.d. b.d. b.d. b.d. b.d, b.d. 0.03 0.03 0.05
AI2O3 19.45 18.84 18.07 17.22 18,56 18.35 18.94 18.26 17.80 18.02 17,68 17.81 17.61
CrjOj 0.03 0.01 b.d. b.d. 0.01 0.01 0.02 b.d. b.d. 0.01 n.d. n.d. n.d,
FeO^ 24.16 24.30 23.78 23,38 24.58 24.88 24.55 24.39 23.93 23.68 25.81 25.74 24.88
MnO 0.34 0.31 0.30 0.28 0.35 0.35 0.32 0.26 0.26 0.26 0.55 0.54 0.43
MgO 16.64 16.73 17.11 17.33 16.98 16.31 16.76 16.73 16.87 17.09 15.08 15.42 16.16
CaO 0.04 0.03 0.07 0.16 0.02 0.02 0.03 0.05 0.05 0.06 0.09 0.23 0.14
Na%0 0.05 0.08 0.04 0.05 0.01 0.02 0.01 0.03 0.02 0.01 0.03 0.02 0.03
K2O 0.02 0.03 0.03 0.03 0.01 0.03 0.02 0.03 0.04 0.04 n.d. n.d. n.d.
F b.d. b.d, b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.08 0.19 0.18
Cl b.d. 0.02 0.02 0.01 0.01 b.d. b.d. 0,01 0.03 b.d. 0.06 0.07 0.07
Total 88.05 87.49 87.26 86.58 87.66 86.52 87.52 86.99 86.39 87.28 86,32 87,41 66,83
SI 5.69 5 7 0 5.Ô4 5.93 5.70 5.67 5.65 5.76 5.82 5.89 5.81 5.83 5.80
Al"
Al"

2.31 2.30 2.16 2.07 2.30 2.33 2.35 2.24 2.18 2.11 2.19 2.17 2.20
2.46 2,37 2.31 2.22 2.29 2.29 2.35 2.31 2.28 2.33 2.30 2.29 2.24

Tl • - 0.00 0.01 - - - - - - 0.01 0.01 0.01
Fe** 4.21 4.27 4.17 4.13 4.32 4.45 4.32 4.31 4.25 4.15 4.66 4.58 4.45
Cr 0.01 0.00 - - 0.00 0.00 0.00 - - 0.00
Mn 0,06 0.06 0.05 0.05 0.06 0.06 0.06 0.05 0.05 0.05 0.10 0.10 0.08
Mg 5.17 5.24 5.35 5.46 5.32 5.20 5.26 5.27 5.35 5.34 4.85 4.90 5.16
Ca 0.01 0.01 0.02 0.04 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.05 0.03
Na 0.02 0.03 0.02 0.02 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01
K 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 - . -

F - ■ - - - - - - - - 0.11 0.26 0.24
Cl - 0.01 0.01 0.01 0.01 - - 0.01 0.02 - 0.04 0.05 0.05
Cations 19.93 19.98 19.93 19.93 20.00 20.02 20.00 19.97 19.95 19.89 19.95 19.93 19.98
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Appendix B1. Chlorite A nalyses (continued)
Sample 112-2-1 Al 112-2-1A2 112-2-1 A3 112-2-1 A4 113-1-10a1 113-1-10a2 113-1-IObl 113-1-10b2 113-M0b3 113-1-IOcl 113-1-IOdl 113-1-10d2 113-1-10d3 113-1-10d4
Rock Type gabbro gabbro gabbro gabbro basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU
Occurrence Inc Inc Inc Inc Int Int gm gm gm gm gm gm gm gm
SIÜ2 31.32 31.13 31.14 31.89 28.58 28.39 28.61 29.00 29.85 29.56 29.77 29.51 28.59 29.02
TIO2 b.d. 0.02 0.03 0.12 0.01 0.02 0.02 0.01 0.02 0.01 0.03 0.03 0.02 0.03
AI2O3 17.30 18.45 17.02 15.14 17.91 17.86 17.40 17.31 17,73 17.35 17,34 17.83 18.20 17.87
Cr2 0 3 0.02 0.07 0.31 0.43 n.d. n.d. n.d. n.d. n.d. n,d. n,d. n.d. n.d. n.d.
FeO^ 5.42 4.83 8.29 10.47 20.36 20.31 19.95 20.53 19.99 19,06 20,51 21.01 21.84 20,98
MnO 0.02 0.05 0.26 0.20 0.28 0.33 0.35 0,32 0.34 0,33 0.31 0.31 0.39 0,26
MgO 29.98 30.30 28.02 28.14 20.44 20.26 20.25 19.93 20.62 20.27 19.64 20.51 19.90 20,51
CaO 0.26 0.25 0.14 0.15 0.07 0.10 0.12 0.11 0.22 0.44 0.46 0.06 0.04 0,06
Na20 0.04 0.01 b.d. b.d. 0.03 0.05 0.08 0.07 0.09 0.07 0.05 0.04 0,02 0,03
K2O 0.03 0.03 0.05 0.01 n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n,d. n.d.
F b.d. b.d. b.d. b.d. 0.05 0.14 0.34 b.d. 0.70 0.01 0.07 0.09 b,d. 0.02
Cl b.d. b.d. 0.01 b.d. 0.06 0.02 0.12 0.08 0.12 0.07 0.04 0.05 0,03 0.03
Total 84.39 85.14 85.27 86.55 87.79 87.48 87.24 87.36 89.68 87.17 88.22 89.44 89,03 88.81
Si 6.14 6.03 6.15 6.28 5.86 5.84 5.92 5.97 6.01 6.05 6,06 5.94 5,81 5,88

1.86 1.97 1.86 1,72 2.15 2.16 2.08 2.03 1.99 1.95 1,94 2.06 2.19 2.12
Al" 2.13 2.24 2.10 1.79 2.18 2.17 2.16 2.17 2.21 2.23 2.22 2.17 2.17 2.15
Tl - 0,00 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.00 0.01
Fe'* 0.89 0.78 1.37 1.72 3.49 3.50 3.45 3.54 3.36 3.26 3.49 3.54 3.71 3.56
Cr 0.00 0.01 0.05 0.07 - - - - - - • . . -

Mn 0.00 0.01 0.04 0.03 0.05 0.06 0.06 0.06 0.06 0.06 0.05 0.05 0.07 0.05
Mg 8.76 8.75 8.24 8.26 6.24 6.22 6.24 6.12 6.19 6.19 5.96 6.15 6.03 6.20
Ca 0.06 0.05 0.03 0.03 0.02 0.02 0.03 0.02 0.05 0.10 0.10 0.01 0.01 0.01
Na 0.02 0.00 - - 0.01 0.02 0.03 0.03 0.04 0.03 0.02 0.02 0.01 0.01
K 0.01 0.01 0.01 0.00 - - - - - - - - ■ .

F - - - - 0.07 0.18 0.45 - 0.89 0.01 0.09 0.12 - 0.03
Cl - - 0.01 - 0.04 0.01 0.08 0.06 0.08 0.05 0.03 0.03 0.02 0.02
Cations 19.87 19.86 19.85 19.92 19.98 19.99 19.97 19.94 19.90 19.86 19.86 19.95 20.00 19,98
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Appendix B1. Chlorite A nalyses (continued)
Sample 113-1-10d5 113-1-10d6 113-1-26a1 113-1-26a2 113-1-3C2 113-2-11A1 113-2-11A2 113-2-11A3 113-2-11 A4 113-2-1 ICI 113-2-1102 113-2-1103 113-2-1104 113-2-11D1
Rock Type basalt basalt epidosite epidosite basalt gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location OSU OSU OSU OSU OSU UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm Int Int gm gm gm gm gm alt alt alt alt alt
sto. 29.19 27.92 29.92 29.49 32.11 31.80 30.71 31.27 31.52 28.10 28.47 28.34 28.25 29.80
TiOj 0.02 0.04 0.04 b.d. 0.01 0.02 b.d. 0.01 0.02 b.d. 0.05 0.04 0.03 b.d.
AI2O] 17.15 18.00 16.31 17.29 15.59 15.74 17.42 15.71 15.67 19.37 18.92 19.00 19.25 18.43
Cr̂ O, n.d. n.d. n.d. n.d. n.d. 0.04 b.d. 0.04 0.03 0.03 b.d. 0.01 0.01 b.d.
FeÔ 20.25 20.49 18.64 17.74 15.90 10.15 10.01 12.05 11.44 15.87 15.12 16.41 16.26 13.50
MnO 0.32 0.33 0.27 0.15 0.16 0.34 0.16 0.61 0.69 0.19 0.14 0.16 0.17 0.17
MgO 19.75 19.09 21.80 20.65 22.27 28.51 28.06 27.02 27.51 23.59 23.92 23.09 23.32 25.04
CaO 0.48 0.13 0.11 0.15 0.26 0.04 0.01 0.03 0.03 0.02 b.d. 0.06 0.03 0.08
N^O 0.01 0.05 b.d. 0.04 0.10 0.02 0.01 0.02 0.01 0.01 0.02 0.03 0.02 0.04
KjO n.d. n.d. n.d. n.d. n.d. 0.05 0.02 0.04 0.06 0.05 0.03 0.02 0.02 0.03
F 0.05 0.38 0.08 0.25 0.11 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.06 0.05 0.03 0.10 0.06 0.03 0.06 0.02 0.03 0.02 0.02 b.d. b.d. b.d.
Total 87.28 86.48 87.20 85.86 86.57 86.74 86.46 86.82 87.01 87.25 86.69 87.16 87.36 87.09
SI 6.01 5.84 6.11 6.09 6.48 6.23 6.03 6.20 6.21 5.65 5.74 5.72 5.68 5.91
Al” 1.99 2.16 1.89 1.91 1.52 1.77 1.97 1.81 1.79 2.35 2.26 2.28 2.32 2.09
Al” 2.18 2.28 2.03 2.30 2.18 1.86 2,06 1.86 1.85 2.24 2.23 2.24 2.25 2.22
Tl 0.00 0.01 0.01 - 0.00 0.00 - 0.00 0.00 - 0.01 0.01 0.01 ■

Fe** 3.49 3.59 3.18 3.07 2.68 1.66 1.64 2.00 1.89 2.67 2.55 2.77 2.74 2.24
Cr - - - - - 0.01 - 0.01 0.01 0.01 - 0.00 0.00 -

Mn 0.06 0.06 0.05 0.03 0.03 0.06 0.03 0.10 0.12 0.03 0.02 0.03 0.03 0.03
Mg 6.07 5.96 6.63 6.36 6.70 8.33 8.21 7.98 8.08 7.08 7.19 6.95 7.00 7.41
Ca 0.11 0.03 0.02 0.03 0.06 0.01 0.00 0.01 0.01 0.00 - 0.01 0.01 0.02
Na 0.00 0.02 - 0.02 0.04 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.02
K ■ - - - - 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01
F 0.07 0.50 0.10 0.33 0.14 - - - - - ■ . ■ -

Cl 0.04 0.04 0.02 0.07 0.04 0.02 0.04 0.01 0.02 0.01 0.01 . - -

Cations 19.90 19.93 19.92 19.80 19.68 19.95 19.95 19.97 19.97 20.05 20.01 20.02 20.03 19.94

195



Appendix B1. Chlorite A nalyses (continued)
Sample 113-2-1102 113-2-1103 113-2-11D4 113-2-4B1 113-2-4B3 113-2-4B4 113-2-4D1 113-2-402 113-2-403 113-2-404
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence alt all alt gm gm gm am am am am
SIO2 28.42 32.24 31.60 31.80 34.52 33.04 33.33 33.52 32.87 32.55
TiOa 0.02 0.02 0.03 0.01 0.03 0.05 0.01 0.01 b.d. 0.02
AI2O3 20.51 14.97 14.97 16.31 13.00 13.68 13.33 14.12 14.60 14.64
CrjOs 0.01 0.01 0.02 0.01 0.02 b.d. 0.02 0.01 0.01 b.d.
FeO^ 13.14 11.94 12.28 7.89 8.82 9.11 10.41 8.60 9.40 9.41
MnO 0.13 0.15 0.11 0.01 0.06 0.06 0.16 0.09 0.10 0.11
MgO 24.83 27.33 27,31 29.93 29,94 30.23 28.56 29.77 27,97 28.72
CaO 0.05 0.03 0.04 0.03 0.06 0.02 0.15 0.09 0.11 0.07
Na^O 0.01 0.04 0.06 0.03 0.04 b.d. 0.07 0.06 0.07 0.06
K2O 0.02 0.08 0.06 0.03 0.04 0.03 0.04 0.05 0.07 0.06
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.01 0.03 0.02 0.05 0.04 0.03 b.d. b.d. b.d. b.d.
Total 87.15 86.84 86.50 86.10 86.57 86.25 86.03 86.32 85.20 85.64
SI 5.63 6.36 6.28 6.19 6.70 6.46 6.58 6.52 6.51 6.42
A r 2.37 1.64 1.72 1.81 1.30 1.54 1.43 1.48 1.49 1.58
Al" 2.42 1.84 1.78 1.93 1.67 1,62 1.67 1.76 1.91 1.82
Tl 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 - 0.00
Fe'" 2.18 1.97 2.04 1.29 1.43 1.49 1.72 1.40 1.56 1.55
Cr 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 -
Mn 0.02 0.03 0.02 0.00 0.01 0.01 0.03 0.02 0.02 0.02
Mg 7.33 8.04 8.09 8.69 8.66 8.82 8.40 8.64 8.25 8.44
Ca 0.01 0.01 0.01 0.01 0.01 0.00 0.03 0.02 0.02 0.02
Na 0.00 0.02 0.02 0.01 0.02 - 0.03 0.02 0.03 0.02
K
C

0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02
r
Cl 0.01 0.02 0.01 0.03 0.03 0.02 . . . .

Cations 19.97 19.91 19.98 19.94 19.82 19.95 19.89 19.87 19.81 19.89
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Appendix B2. Epidote Analyses (recalculated on the basis of 12.5 anhydrous 0)
Sample 81-2-8A1 81-2-8A2 81-2-8A3 81-2-8A4 81-2-8A5 81-2-8A6 81-2-8B1 81-2-8B10 81-2-8B11 81-2-8B2 81-2-8B3 81-2-8B4 81-2-8B5 81-2-8B6 81-2-8B7 81-2-8B8
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UolA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm ves gmd gm ves ves ves ves ves ves ves
SiOj 37.80 37.31 37.23 37.46 37.16 36.96 37.16 37.78 37.01 37.47 37.54 37.76 37.16 37.42 37.38 37.58
TiO, 0.05 0.13 0.23 0.03 0.03 0.12 0.61 0.09 0.09 0.05 0.04 0.05 0.33 0.04 0.46 0.04
AI2O3 25.35 23.04 23.38 25.02 23.87 25.93 22.44 27.71 23.70 25.10 25.02 27.43 23.10 25.38 22.97 27.70
FejO,^ 11.32 14.39 13.66 12.31 13.77 11.30 14.05 8.91 13.84 11.69 12.05 9.16 13.92 11.38 14.29 8.83
CriO; b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 0.01 0.04 b.d. 0.01 0.01 b.d. b.d.
MnO 0.18 0.10 0.07 0.12 0.05 0.37 0.15 0.19 0.20 0.24 0.19 0.34 0.16 0.30 0.18 0.34
MgO 0.05 0.10 0.09 0.03 0.02 0.07 0.07 0.03 0.07 0.07 0.02 0.02 0.04 0.07 0.08 0.02
CaO 23.23 22.75 23.28 23.15 23.33 22.69 23,56 23.35 22.79 23.64 23.47 23.24 23.24 23.10 23.03 23.36
Na% 0 b.d. b.d. 0.01 0.01 0.02 b.d. b.d. 0.01 b.d. 0.01 0.01 b.d. 0.01 b.d. b.d. b.d.
K; 0 0.02 0.03 0.03 0.02 0.03 0.02 0,02 0.02 0.02 b.d. b.d. 0.02 0.01 0.01 0.02 0.02
F b.d. b.d. b.d. b.d. b.d. b.d. 0,02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.02 0.01 0.02 0.02 0.01 b.d. b.d. 0.01 0.03 b.d. b.d. 0.02 0.01 0.02 0.01 0.02
Total 98.02 97.88 98.00 98.17 98.29 97.48 98.08 98.10 97.78 98.28 98.38 98.04 97.99 97.73 98.42 97.91

SI 2.98 2.98 2.97 2.96 2.95 2.93 2,97 2.95 2.96 2.96 2.96 2.96 2.97 2.97 2.97 2.95
A r 0.02 0.02 0.03 0.04 0.05 0.07 0.03 0.05 0.04 0.04 0.04 0.04 0.03 0.04 0.03 0.06
Al" 2.34 2.15 2.17 2.29 2.19 2.36 2.09 2.50 2.19 2.30 2.29 2.49 2.14 2.33 2.13 2.50
Tl 0.00 0.01 0.01 0.00 0.00 0.01 0.04 0.01 0.01 0.00 0.00 0.00 0.02 0.00 0.03 0.00
Cr • - - - • - - - 0.00 0.00 0.00 • 0.00 0.00 ■ •
Fe^ 0.67 0.86 0.82 0.73 0.82 0.67 0.85 0.52 0.83 0.69 0,72 0.54 0.84 0.68 0.85 0.52
Mn 0.01 0.01 0.01 0.01 0.00 0.03 0.01 0.01 0.01 0.02 0.01 0.02 0.01 0.02 0.01 0.02
Mg 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.00
Ca 1.96 1.95 1.99 1.96 1.99 1.93 2.02 1.96 1.95 2.00 1.99 1.95 1.99 1.96 1.96 1.96
Na - - 0.00 0.00 0.00 • - 0.00 - 0.00 0.00 • 0.00 - . -
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 • - 0.00 0.00 0.00 0.00 0.00
F - - - - - - 0.01 - ■ • - - - - - -
Cl 0.01 0.00 0.01 0.01 0.00 • • 0.00 0.01 - - 0.01 0.00 0.01 0.00 0.01
Ps 0.22 0.28 0.27 0.24 0.27 0.22 0.29 0.17 0.27 0.23 0.24 0.18 0.28 0.22 0.28 0.17

Notes: b.d. = below detection; gm = groundmass; ves= vesicle; cor = core; Inc= inclusion; vei=vdn; I and d = light and dark In backscattered electron images, respectively.
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Appendix B2. Epidote A nalyses (continued)
Sample 81-2-8B9 81-2-801 81-2-8010 81-2-802 81-2-803 81-2-804 81-2-8C5 81-2-806 81-2-807 81-2-808 81-2-8C9 81-2-8D1 81-2-8D10 81-2-8D11 81-2-BD12 81-2-8D13
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence ves gml gm gmd ves ves ves ves ves ves gm cor gmd gml gmd gml
SIO2 37.10 37.57 37.12 38.01 37.19 37.79 37.72 37.81 37.49 38.00 36.94 37.69 37.84 37.17 37.71 37.76
TIP; 0.01 0.07 0.04 0.11 0.09 0.07 0.02 0.14 0.04 0.05 0.22 0.15 0.11 0.10 0.06 0.21
AI2O3 25.14 25.11 24.01 27.01 24.99 25.89 24.22 26.51 24.03 27.75 22.76 25.74 25.79 23.86 25.60 25.72
Fe,0,T 12.14 11.71 12.79 9.22 11.28 10.73 12.55 9.99 13.12 8.46 13.76 10.94 11.05 13.33 10.95 11.02

b.d. b.d. b.d. b.d. b.d, b.d. 0.02 b.d. b.d. 0.01 0.01 b.d. b.d. b.d. b.d. b.d.
MnO 0.53 0.10 0.32 0.13 0.25 0.32 0.18 0.69 0.12 0.33 0.06 0.23 0.26 0.29 0.34 0.27
MgO 0.03 0.08 0.14 0.05 0.09 0.07 0.02 0.03 0.02 0.03 0.06 0.05 0.08 0.06 0.05 0.04
CaO 22.69 23.46 22.44 23.21 23.48 23.61 23.30 22.73 23.30 23.55 23.10 23.11 23.36 23.18 23.16 23.04
NajO 0.03 0.01 0.02 0.02 0.01 b.d. 0.01 0.01 0.01 b.d. b.d. b.d. b.d. 0.01 b.d. b.d.
K2O 0.01 0.01 0.01 0.01 b.d. 0.02 0.01 b.d. 0.01 0.01 0.01 0.03 0.01 0,01 0.02 0.01
F b.d. b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d, b.d. b.d. b.d.
Cl 0.01 b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d.
Total 97.69 98.12 96.91 97.77 97.38 98.51 98.05 97.91 98.14 98.19 96.92 97.95 98.50 98.01 97.89 98.07

Si 2.95 2.97 2.98 2.98 2.96 2.97 2.99 2.97 2.98 2.96 2.98 2.97 2.97 2.96 2.98 2.97
Ar 0.05 0.03 0.02 0.02 0.04 0.03 0.01 0.03 0.02 0.04 0.02 0.03 0.03 0.04 0.02 0.03
Al« 2.30 2.30 2.25 2.47 2.31 2.36 2.25 2.43 2.22 2.51 2.14 2.36 2.35 2.20 2.36 2.36
Tl 0.00 0.00 0.00 0.01 0.01 0.00 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01
Cr - - - - - - 0.00 - - 0.00 0.00 - - - - -

Fe®* 0.73 0.70 0.77 0.54 0.68 0.63 0.75 0.59 0.78 0.50 0.84 0.65 0.65 0.80 0.65 0.65
Mn 0.04 0.01 0.02 0.01 0.02 0.02 0.01 0.05 0.01 0.02 0.00 0.02 0.02 0.02 0.02 0.02
Mg 0.00 0.01 0.02 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Ca 1.93 1.99 1.93 1.95 2.00 1.99 1.98 1.92 1.98 1.97 2.00 1.95 1.96 1.98 1,96 1.94
Na 0.01 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 - - - • 0.00 - -
K 0.00 0.00 0.00 0.00 - 0.00 0.00 - 0.00 0.00 0.00 0.00 0,00 0,00 0,00 0.00
F • - 0.01 - - - - - - - - - ■ . . .

Cl 0.00 - - - - 0.00 - - - - - 0.00 . - . -

Ps 0.24 0.23 0.25 0.18 0.22 0.21 0.25 0.19 0.26 0.16 0.28 0.21 0.21 0.26 0.21 0.21
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Appendix B2. Epidote A nalyses (continued)
Sample B1-2-8D14 81-2-8D2 81-2-8D3 81.2-804 81-2-805 81-2-8D6 81-2-8D7 81-2-8D8 81-2-8D9 81-2-9A1 81-2-9A2 81-2-9A3 81-2-9A4 81-2-9A5 81-2-9A6 81-2-9B1
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gmd rim cor rim . gml gmd gml gmd gml cor rim cor rim cor rim cor
SIO; 37.47 37.13 37.29 37.32 37.25 38.08 37.38 37.67 37.20 37.15 37.78 37.36 38.05 37.07 37.73 37.20
TIC, 0.11 0.05 0,19 0.11 b.d. 0.06 0.26 0.18 0.46 0.14 0.07 0,11 0.02 0.26 0.05 0.52
AI2O3 26.54 24.05 22.94 25.91 24.36 26.56 22.86 26.57 22.07 22.46 25.50 22.73 26.59 21.64 24.60 22.14
FezO,^ 10.26 13.45 14.55 11.46 13.27 10.07 14.35 9.93 14.61 15.47 11.52 15.18 10.39 16.39 12.88 14.79
CrzOj 0.01 0.01 b.d. b.d. 0,01 b,d. 0.01 0.02 0.02 b.d. 0.03 0.02 b.d. b.d. b.d. 0.02
MnO 0.27 0.06 0.02 0.35 0.03 0.13 0.02 0.20 0.10 0.05 0.16 0.04 0.08 0.03 0.08 0.09
MgO 0.05 0.03 0.04 0.08 0.03 0.05 0.04 0.03 0.06 0.02 0.03 b.d. 0.02 0.05 0.06 0.07
CaO 23.32 23.35 23.35 23.05 23,39 23.71 23.43 23.32 23,17 23.25 23.31 23.29 23.50 23.36 23.37 23.17
N^O 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d, b.d. 0,01 b.d. b.d. 0.01 b.d.
KjO 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.03 0,02 0.04 0.03 0.03 0,03 0.03
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d, b.d. b.d, b.d.
Cl b.d. 0.01 b.d. b.d. 0.01 b.d. 0.01 b.d. b.d. b.d, b.d. b.d. b.d. b.d. b.d. b.d.
Total 98.05 98.15 98.39 98.29 98.36 98.67 98.38 97.93 97.72 98.57 98.42 98.78 98.68 98.83 98.81 98.03

Si 2.95 2.95 2.97 2.94 2.95 2.97 2.98 2.96 2.99 2.96 2.97 2.97 2.97 2.96 2.97 2.98
A r 0.05 0.05 0.03 0.06 0.05 0.03 0.02 0.04 0.01 0.04 0.03 0.03 0.03 0.04 0.03 0.02
Al'" 2.41 2.21 2.12 2.34 2.23 2.41 2.12 2.42 2.08 2.07 2.33 2.10 2.41 2.00 2.25 2.07
Tl 0.01 0.00 0.01 0,01 - 0.00 0.02 0.01 0.03 0.01 0.00 0.01 0.00 0.02 0.00 0.03
Cr 0.00 0.00 - • 0.00 - 0.00 0.00 0.00 - 0,00 0.00 - - - 0.00
Fe®" 0.61 0.80 0.87 0.68 0.79 0.59 0.86 0.59 0.88 0.93 0,68 0.91 0.61 0.98 0.76 0.89
Mn 0.02 0.00 0.00 0.02 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 0.01
Mg 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.00 • 0.00 0.01 0.01 0.01
Ca 1.97 1.99 1.99 1.95 1.99 1.98 2.00 1.96 1.99 1.99 1.96 1,98 1.97 2.00 1.97 1.99
Na 0.00 - ■ • - - - - 0.00 - - 0.00 ■ - 0.00 ■
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F - - - - - - - - 0.01 - - • - - - •
Cl - 0.00 - . 0.00 - 0.00 . - - - - - . - -
Ps 0.20 0.26 0.29 0.22 0.26 0,19 0.29 0.19 0.30 0.31 0.22 0.30 0.20 0,33 0.25 0,30
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Appendix B2. Epidote A nalyses (continued)
Sample 81-2-9B10 81-2-9B11 81-2-9B12 81-2-9B2 81-2-9B3 81-2-9B4 81-2-9B5 81-2-9B6 81-2-9B7 81-2-9B8 81-2-9B9 81-2-901 81-2-902 81-2-903 81-2-904 96-1-2B1
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt PG
Location UofA UofA UolA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence rim gm gm rim cor rim cor rim cor rim cor gml gmd gml gmd gml
SIO; 37.32 38.09 37.37 37.69 37.12 37.51 36.89 37.48 37.56 37.33 37.40 36.55 37.18 36.98 37.29 37.85
TIOz 0.04 0.03 0.01 0.13 0.56 0.05 0.39 0.09 0.16 0.03 0.56 0.45 0.17 0.44 0.08 0.14

AIA 23.98 28.63 23.68 25.75 22.18 23.84 22.43 24.75 26.10 23.81 22.56 20.28 24.79 23.23 24,81 26.70

f h O i 13.31 7.46 13.77 11.12 14.80 13.47 14.54 12.32 10.48 13.26 14.54 17.32 12.44 13.71 12.29 11.29

CtiO i 0.03 b.d. 0.01 0,01 0,01 0.03 0.03 b.d. b.d. 0.03 b.d. b.d. b.d. 0.01 b.d. 0.03
MnO 0.07 0.10 0.06 0,26 0.06 0.10 0.05 0.12 0.28 0.09 0.06 0.07 0.28 0.12 0.25 0.45
MgO 0.02 b.d. 0.03 0.04 0.07 0.02 0.08 0.06 0.03 0.02 0.07 0,04 0.05 0.08 0.05 0.09
CaO 23.25 23.60 23.12 23.08 23.35 23.42 23.15 23.37 22.91 23.17 23.17 23.05 22.88 23.25 23.35 21.97
NajO b.d. b.d. b.d. 0.01 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d, 0.02 b.d. b.d. b.d.
KjO 0.01 0.03 0.04 0.02 0.03 0.02 0.02 0.03 0.01 0.02 0.02 0.01 0.01 0.02 0,02 0.02
F b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d, 0.03 b.d. b.d. b.d. b.d.
Cl b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d.
Total 98.03 97.94 98.10 98.11 98.18 98.47 97.58 98.22 97.53 97.76 98.38 97.80 97.82 97.84 98.15 98.54

Si 2.97 2.96 2.97 2.97 2.97 2.97 2.97 2.97 2.97 2.98 2.98 2.97 2.95 2.96 2.96 2.96
Ar 0.03 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.03 0.02 0.02 0.03 0.05 0.04 0.05 0,04
Al'« 2.21 2.59 2.19 2.36 2.06 2.20 2.09 2.27 2.40 2.21 2.10 1.91 2.27 2.14 2.27 2.42
Tl 0.00 0.00 0.00 0.01 0.03 0.00 0.02 0.01 0.01 0.00 0.03 0.03 0.01 0.03 0.01 0.01
Cr 0.00 - 0.00 0.00 0.00 0.00 0.00 - - 0.00 - - - 0.00 - 0.00
Fe** 0.80 0.44 0.82 0.66 0.89 0.80 0.88 0.73 0.62 0.80 0.87 1.06 0.74 0.82 0.73 0.66
Mn 0.01 0.01 0.00 0.02 0.00 0,01 0.00 0.01 0.02 0.01 0.00 0.01 0.02 0.01 0.02 0.03
Mg 0.00 - 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0,01
Ca 1.98 1,97 1,97 1.95 2,00 1,99 1,99 1,98 1,94 1,98 1,98 2,00 1,95 1,99 1.98 1,84
Na - - - 0.00 - 0,00 - - - - - - 0.00 - - -
K 0.00 0.00 0,00 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0,00 0.00 0.00 0.00 0,00 0,00
F - - 0.01 - - - - - - - - 0.02 - - - -
Cl - - - - - - - - - - - - - - 0,00 -
P s 0.26 0.14 0.27 0.22 0.30 0.27 0.29 0.24 0.20 0.26 0.29 0.35 0.24 0.27 0.24 0,21
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Appendix B2. Epidote A nalyses (continued)
Sample 96-1-2B2 96-1-2B3 96-1-2B4 96-1-3B1 96-1-3B2 96-1-3B3 96-1-3D1 96-1-3D2 96-1-3D3 96-1-5A1 96-1-5A2 96-1-5A3 96-1-5A4 96-1-5B1 96-1-5D1 96-1-5D2
Rock Type PG PG PG PG PG PG PG PG PG PG PG PG PG PG PG PG
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gmd gml gmd gm gm gm gml gmd gm gml gml gmd gmd Inc gml gmd
SiO, 37.81 37.64 37.54 37.46 37.78 37.69 37.11 37,20 37,59 37.35 37,32 37.77 38.01 37,71 37.26 37.82
TiOj 0.12 0.05 0.09 0.13 0.08 0.16 0.04 0,08 0.02 0.05 b.d. 0.03 b.d. 0.16 0.16 b.d.
AI2O3 26.43 24.60 25.10 26.79 26.62 26.68 24.55 26.75 26.28 24.38 24.48 27.14 26.65 26,73 22.16 26.73
FejOa^ 11.38 12.49 11.78 9.74 10.04 10.19 12.74 10.59 10.93 12.65 12.54 9.49 9.91 9.27 15.62 9.81
CrjOs 0.01 0.02 0.02 b.d. b.d. b.d. b.d. b.d. b.d, 0.02 0.02 0.02 0.03 0.03 b.d. b.d.
MnO 0.42 0.03 0.06 0.12 0.06 0.11 0.04 0.53 0.30 0.07 0.07 0.25 0.06 0.03 0.04 0.05
MgO 0.06 b.d. 0.01 0.01 0.03 b.d. b.d. 0.01 0.02 0.01 0.01 0.02 b.d. b.d. 0.04 0.04
CaO 21.95 23.23 23.17 23.39 23.75 23.16 23.35 22.54 22.88 23.47 23.39 23.04 23.55 23.28 23.35 23.75
NbjO 0,01 b.d. b.d. b.d. 0.02 b.d. b.d. b.d. b.d. 0.01 0.02 0.03 0.04 0.07 b.d. b.d.
K2O 0.02 0.02 b.d. 0.03 0.02 0.02 0.04 0.02 0.04 0.02 0.02 0.02 b.d. 0.02 0.02 0.02
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.03 b.d. b.d. b.d. b.d. b.d, b.d. b.d. b.d.
Cl 0.01 b.d. b.d, b,d. 0.01 b.d. 0.01 b.d. b.d. 0.01 b.d. 0.02 0.02 b.d. 0.02 b.d.
Total 98.22 98.08 97.77 97.67 98.41 98.01 97.88 97.75 98.06 98.04 97.87 97.83 98.27 97.30 98.67 98.22

SI 2.97 2,98 2.97 2.95 2.96 2.96 2.95 2.94 2.96 2.97 2.97 2.96 2.98 2.97 2.97 2.96
A!"' 0.03 0.02 0.03 0.05 0.04 0.04 0,05 0.06 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.04
Al« 2.41 2.27 2.31 2.44 2.41 2.43 2.25 2.42 2.39 2.25 2.26 2.47 2.43 2.46 2.05 2.43
Tl 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 - 0.00 - 0.01 0.01 -

Cr 0.00 0.00 0.00 - • - - - ■ 0.00 0.00 0.00 0.00 0.00 - -
Fe*" 0,67 0.74 0.70 0.58 0.59 0.60 0.76 0.63 0.65 0.76 0.75 0.56 0,58 0.55 0.94 0.58
Mn 0.03 0.00 0.00 0.01 0.00 0.01 0,00 0.04 0.02 0.01 0.01 0,02 0.00 0.00 0.00 0,00
Mg 0,01 ■ 0.00 0.00 0.00 • • 0.00 0.00 0.00 0.00 0.00 • • 0.01 0.01
Ca 1.85 1.97 1.97 1.97 1.99 1.95 1.99 1.91 1.93 2.00 1.99 1.94 1.98 1.97 2.00 1.99
Na 0.00 - - • 0.00 - - - - 0.00 0.00 0.01 0.01 0.01 - -

K 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00
F - - - - - - - 0.02 - - - - - - • -
Cl 0.00 - - - 0.00 - 0.00 - - 0.00 ■ 0.01 0.01 . 0.01 .

Ps 0.22 0.24 0.23 0.19 0.19 0.20 0.25 0.20 0.21 0.25 0.25 0.18 0.19 0.18 0.31 0.19
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Appendix B2. Epidote A nalyses (continued)
Sample 96-1-5D3 96-1-5D4 96-M0B1 96-1-10B2 96-1-10B3 96-1-1001 96-1-1002 96-1-1003 96-1-1004 96-1-10C5 96-1-10C6 96-1-14A1 96-1-14A2 96-1-14B1 96-1-14B2
Rock Type PG PG PG PG PG PG PG PG PG PG PG epidosite epidosite epidosite epidosite
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA OSU OSU OSU OSU
Occurrence gml gmd gm gm gm gm gm gml gmd gml gmd gm gm gm gm
SIO2 37.05 37.61 36.90 37.46 37.42 37.50 37.53 37.58 37.78 37.36 37.77 39.59 37.02 37.20 37.75
TIO2 0,25 0.10 0.05 0.03 0.02 0.27 0.05 0.25 0.22 0.44 0.20 0.10 0.26 0.06 0.12
AI2O3 22.27 25.61 21.63 22.37 21.90 23.30 24.38 23.27 25.40 22.95 25.84 27.80 23.89 21.26 25.57
FejOĵ 15.26 11.23 15.87 14.92 15.66 13.82 13.65 14.13 11.47 14.21 10.86 8.45 12.99 16.17 11.86
Cr2Û3 b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 0.02 0.02 b.d. b.d. 0.02 b.d. b.d. 0.02
MnO 0.05 0.15 0.03 0.01 0.02 0.04 0.06 0.01 0.02 0.02 0.02 0.15 0.05 b.d. 0.17
MgO 0.04 0.01 0.02 0.02 0,01 0.03 0.02 0.06 0.02 0.06 0.03 0.01 0.04 0.03 0.02
CaO 23.18 23.15 23.01 23.10 23.02 23.21 23.02 23.32 23.30 23.30 23.55 23.91 23.33 23.34 23.67

b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 0.02 b.d. 0.04
K2O 0.02 0.01 0.03 0.02 0.02 0.02 0.01 0.03 0.03 0.03 0.02 0.01 b.d. 0.01 0.01
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.11 0.17 0.04
01 b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.02 b.d. b.d. b.d. b.d. 0.01 0.01
Total 98.12 97.87 97.54 97.94 98.08 98.19 98.72 98.67 98.28 98.37 98.29 100.08 97.71 98.25 99.28

Si 2.97 2.97 2.98 3.00 3.00 2.98 2.96 2.96 2.97 2.97 2.97 3.02 2.96 2.99 2.95
Al™ 0.03 0.03 0.02 0.00 0.00 0.02 0.04 0.02 0.03 0,03 0,03 0,00 0.04 0.01 0.05
Al« 2.07 2.35 2.04 2.11 2.07 2.17 2.23 2.15 2.33 2.12 2.36 2.50 2.21 2.01 2.31
Tl 0.02 0.01 0.00 0.00 0.00 0.02 0.00 0.02 0.01 0.03 0.01 0.01 0.02 0.00 0.01
Cr - - - - 0.00 - - 0.00 0.00 - - 0.00 - - 0.00
Fe®* 0.92 0.67 0.96 0.90 0.94 0.83 0.81 0.84 0.68 0.85 0.64 0.49 0.78 0.98 0.70
Mn 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 - 0.01
Mg 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Ca 1.99 1.96 1.99 1.98 1.98 1.98 1.95 1.98 1.97 1.99 1.98 1.95 2.00 2.01 1.98
Na - - ■ - • ■ - - - - - 0.01 0.00 ■ 0.01
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00
F • - - - - - - - ■ - - - 0.06 0.09 0.02
Cl - - - 0.00 • - - - 0.01 - - - - 0.00 0.00
Ps 0.30 0.22 0.32 0.30 0.31 0.27 0.26 0.28 0.22 0.28 0.21 0.16 0.26 0.33 0.23
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Sample
_Aggendix B2. Epidote Analyses (continued) _______________________

96-M4B3 96-M4B4 96-M4B5 96-1-19A3 96-1-19A4 96-M9B3 96-M9C1 96-M9C2 96-M9C3 96-1-19C4 96-1-2701 96-1-29B2 96-1-2902 96-1-29D2 96-1-29D3
Rock Type epidosile epidosite epidosile PG PG PG PG PG PG PG PG PG/basail PG/basall PG/basail PG/basail
Location OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU UofA OSU OSU OSU OSU
Occuirence gm gm gm gm gm Inc vei gm gm vei gm gm gm vei gm
SIO, 36.62 38.29 38.09 36.99 36.32 37.41 35.98 35.58 38.63 36.65 37.35 37.80 37.95 39.08 37.73
TIO2 0.03 0.12 0.22 0.18 0.04 0.13 0.05 0.04 0.09 0.08 0.06 0.10 0.17 0.08 0.05
AI2O3 22.25 26.96 24.82 25.10 23.64 27.07 24.40 20.99 27.42 25.12 24.26 27.20 24.82 25.73 23.71
FejO,' 15.06 9.74 12.00 12.45 13.63 9.16 12.50 16.82 8.79 11.66 13.56 9.12 11.80 10.67 13.84
CfzO] b.d. b.d. 0.01 0.01 b.d. b.d. 0.01 b.d. 0.02 0.02 0.03 b.d. b.d. b.d. 0.02
MnO b.d. 0.12 0.08 1.09 0.44 0.43 0.20 b.d. 0.43 0.53 0.08 0.36 0.70 0.54 0.11
MgO 0.04 0.05 0.03 0.05 0.04 0.03 0.04 b.d. 0.04 0.04 0.02 0.03 0.20 0,02 0,04
CaO 23.01 23.94 23.68 21.74 23.42 23.30 23.50 23.13 23.52 22.89 23.29 22.95 21.70 23.00 23.38
N8;0 b.d. 0.02 0.01 0.03 b.d. 0.07 0.01 0.02 0.01 0.01 b.d. b.d. 0.04 0.01 0.01
K2O b.d. 0.02 0.01 b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 0.01 0.01 b.d. b.d. b.d.
F 0.07 b.d. 0.04 0.05 b.d. b.d. b.d. b.d. b.d. 0.03 0.03 b.d. b.d. b.d. b.d.
Cl 0.01 b.d. b.d. 0.01 0.02 0.02 0.01 0.01 b.d. 0.01 b.d. 0.01 0.02 0.02 0.01
Total 97.09 99.26 98.99 97.70 97.55 97.62 96.70 96.60 98.95 97.04 98.69 97.58 97.40 99.15 98.90

SI 2.97 2.97 2.99 2.95 2.92 2.95 2.91 2.92 2,99 2,94 2,95 2.97 3.01 3.04 2,98
Al"̂ 0.03 0.03 0.01 0.06 0.08 0.05 0.09 0.08 0,01 0.07 0,05 0.03 0.00 0.00 0,02
Al'" 2.09 2.43 2.28 2.30 2.16 2.46 2.23 1.95 2,49 2,30 2,21 2,49 2.32 2.35 2.18
Tl 0.00 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0,00
Cr - - 0.00 0.00 - - 0.00 - 0.00 0.00 0.00 - - . 0,00
Fa** 0.92 0.57 0.71 0.75 0.82 0.54 0.76 1.04 0.51 0.70 0.81 0.54 0.70 0.62 0,82
Mn - 0.01 0.01 0.07 0.03 0.03 0.01 - 0.03 0.04 0.01 0.02 0.05 0.04 0.01
Mg 0.01 0.01 0.00 0.01 0.01 0.00 0.01 • 0.01 0,01 0,00 0.00 0.02 0.00 0.01
Ca 2.00 1.99 1.99 1.85 2.02 1.97 2.03 2.04 1.95 1.96 1,97 1.93 1.85 1.91 1.98
Na ■ 0.00 0.00 0.01 - 0.01 0.00 0.00 0.00 0.00 - - 0.01 0.00 0.00
K - 0.00 0.00 - - - - 0.00 - - 0.00 0.00 - ■ .
F 0.04 - 0.02 0.03 - - - - - 0.02 0.02 - - ■ .
Cl 0.00 - - 0.00 0.01 0.01 0.00 0.00 - 0.00 - 0.00 0.01 0.01 0.00
Ps 0.30 0.19 0.24 0.24 0.27 0.18 0.25 0.34 0.17 0.23 0.26 0.18 0.23 0.21 0.27

203



Appendix B2. Epidote A nalyses (continued)
Sample 96-2-1A1 96-2-1B1 96-2-1B2 96-2-101 96-2-102 96-2-1C3 96-2-4A1 96-2-4A2 96-2-4A3 96-2-4A4 96-2-4A5 96-2-4A6 96-2-4B1 96-2-4B2 96-2-4B3
Rock Type basalt basalt basalt basalt basalt basalt PG/basalt PG/basalt PG/basalt PG/basalt PG/basalt PG/basalt PG/basalt PG/basalt PG/basalt
Location OSU OSU OSU OSU OSU OSU UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm vei vei vei vei gm vei vei vei vei gml gml gml gmd gml
SIO, 35.99 38.93 38.77 37.98 37.95 37.89 37.28 37.80 37.70 37.31 37.16 37.89 37.18 37.90 37.83
TiO, 0.19 0.04 b.d. 0.16 0.07 0.12 0.10 0.07 0.04 0.03 0.08 0.01 0.06 b.d. 0.09
AIjO, 16.95 24.49 23.87 25.40 24.91 23.54 23.67 25.90 25.54 24.89 24.39 26.70 23.27 28.56 26.51
Fe,0 ,T 21.74 12.30 12.65 11.43 12.04 12.82 13.57 10.50 11.24 11.45 13.09 9.77 13.90 7.62 10.18
Cr,0] b.d. b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
MnO 0.06 0.20 0.13 0.77 0.11 0.47 0.07 0.23 0.20 0.26 0.37 0.15 0.08 0.07 0.15
MgO 0.01 0.02 0.05 0.05 0.02 0.04 0.02 0.04 0.04 0.02 0.04 0.05 0.28 0.01 0.03
CaO 22.6 23.66 23.53 21.56 23.77 22.59 23.21 23.15 23.16 22.97 22.65 23.87 22.74 23.54 23.20
N a,0 0.01 0.01 0.01 0.02 0.02 0.02 b.d. 0.02 b.d. b.d. b.d. b.d. 0.02 b.d. 0.01
K ,0 0.01 b.d. b.d. b.d. b.d. 0.01 0.04 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02
F b.d. 0.01 0.08 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.02 b.d. 0.01 0.01 0.01 0.02 0.01 0.01 b.d. 0.01 b.d. b.d. 0.01 b.d. 0.01
Total 97.58 99.66 99.12 97.38 98.90 97.52 97.97 97.74 97.94 96.96 97.80 98.46 97.56 97.71 98.03

SI 2.978 3.03 3.04 3.01 2.98 3.02 2.97 2.98 2.98 2.98 2.96 2.96 2.98 2.96 2.97
0.022 0.00 0.00 0.00 0.02 0.00 0.03 0.02 0.02 0.02 0.04 0.04 0.02 0.04 0.03

Al'" 1.63 2.24 2.20 2.37 2.28 2.21 2.19 2.39 2.35 2.32 2.25 2.42 2.17 2.58 2.42
Tl 0.012 0.00 - 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.01 0.00 0.00 - 0.01
Cr - - 0.00 - - - - - - - - - - - -
Fe** 1.352 0.72 0.75 0.68 0.71 0.77 0.81 0.62 0.67 0.69 0.78 0.57 0.84 0.45 0.60
Mn 0.004 0.01 0.01 0.05 0.01 0.03 0.01 0.02 0.01 0.02 0.03 0,01 0.01 0.01 0.01
Mg 0.001 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.03 0.00 0.00
Ca 2.004 1.97 1.98 1.83 2.00 1.93 1.98 1.96 1.96 1.97 1,93 2.00 1.95 1.97 1.95
Na 0.002 0.00 0.00 0.00 0.00 0.00 - 0.00 - - • - 0.00 - 0.00
K 0.001 - - - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F - 0.01 0.04 ■ - - - - - - - - - • ■
Cl 0.006 - 0.00 0.00 0.00 0.01 0.00 0.00 - 0.00 - - 0.00 • 0.00
Ps 0.45 0.24 0.25 0.22 0.24 0.26 0.27 0.21 0.22 0.23 0.26 0.19 0.28 0.15 0.20
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Appendix 62 . Epidote A nalyses (continued)
Sample 96-2-4B4 96-2-401 96-2-4C2 96-2-404 96-2-7A1 96-2-7C2 99-2-1C1 99-2-1C2 99-2-1C3 99-2-1C4 99-2-1C5 99-2-106 99-2-8A1 99-2-8A2 99-2-8A3 99-2-8A4
Rock Type PG/basall PG/basalt PG/basalt PG/basalt basalt basalt basalt basalt basalt basalt basalt basalt PG PG PG PG
Location UofA UofA UofA UofA OSU OSU UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gmd gm gm gmd gm rim vei vei vei vei vei vei gml gmd gml gmd
SIO, 37,93 36,99 37,55 38,25 37,26 37,45 37,97 37,99 38,03 37,95 38,02 38,25 37,02 37,74 37,02 37,38

TIC, 0,01 0,57 0,01 0,05 0,13 0,05 b,d. 0,01 0,06 b,d. b,d. 0,02 0,15 0,08 0,11 0,08

AI2O3 28,45 23,67 27,36 27,78 24,54 24,11 27,72 27,94 27,97 27,89 28,74 28,34 21,99 26,84 21,43 24,21

Fe,0,^ 7,54 13,19 8,88 8,69 12,63 13,02 7,66 6,69 7,49 7,08 5,76 6,76 16,13 9,81 16,22 13,04

CrjO, b,d. 0,01 b,d. b,d. 0,03 0,01 0,01 0,02 0,01 0,02 b,d. b,d. b,d. b,d. b,d. b,d.
MnO 0,07 0,06 0,07 0,24 0,12 0,16 0,07 0,11 0,04 0,11 0,15 0,17 0,42 0,16 0,09 0,08
MgO 0,01 0,07 0,01 0,01 0,06 0,03 0,06 0,07 0,04 0,05 0,07 0,07 0,27 0,07 0,07 0,06
CaO 23,82 23,37 23,47 23,49 22,46 23,24 23,66 23,23 23,39 23,37 23,70 23,35 22,39 23,28 23,09 23,24
N a,0 0,01 b,d. 0,01 0,01 b,d. b,d. 0,01 b,d. 0,01 b,d. b,d. b,d. 0,01 b,d. b,d. 0,02
K ,0 0,02 0,02 0,03 0,03 b,d. 0,01 0,01 0,01 0,01 0,04 0,01 0,01 b,d. 0,01 0,01 0,01
F b,d. b,d. b,d. b,d. b,d. 0,01 b,d. b,d. b,d. b,d. b,d. b,d. b,d. b,d. 0,01 b,d.
Cl 0,01 0,01 b,d. 0,01 0,02 0,01 b,d. b,d. 0,01 0,01 b,d. b,d. b,d. 0,01 0,02 0,01
Total 97,87 97,96 97,39 98,56 97,25 98,10 97,17 96,07 97,06 96,52 96,45 96,97 98,38 98,00 98,07 98,13

SI 2.96 2,95 2,96 2,97 2,97 2,97 2,98 3,00 2,99 2,99 2,99 3,00 2,96 2,96 2,98 2,97
Al"' 0,04 0,05 0,04 0,03 0,03 0,03 0,02 0,00 0,02 0,01 0,01 0,00 0,04 0,04 0,02 0,03
Al'" 2,57 2,17 2,49 2,51 2,28 2,23 2,55 2,60 2,57 2,58 2,65 2,61 2,04 2,44 2,01 2,23
Tl 0,00 0,03 0,00 0,00 0,01 0,00 • 0,00 0,00 - • 0,00 0,01 0,01 0,01 0,01
Cr - 0,00 - - 0,00 0,00 0,00 0,00 0,00 0,00 • - - - - •
Fe®* 0,44 0,79 0,53 0,51 0,76 0,78 0,45 0,40 0,44 0,42 0,34 0,40 0,97 0,58 0,98 0,78
Mn 0,01 0,00 0,01 0,02 0,01 0,01 0,01 0,01 0,00 0,01 0,01 0,01 0,03 0,01 0,01 0,01
Mg 0,00 0,01 0,00 0,00 0,01 0,00 0,01 0,01 0,01 0,01 0,01 0,01 0,03 0,01 0,01 0,01
Ca 1,99 2,00 1,98 1,96 1,92 1,98 1,99 1,97 1,97 1,98 2,00 1,96 1,92 1,96 1,99 1,98
Na 0,00 - 0,00 0,00 - - 0,00 - 0,00 ■ - - 0,00 - ■ 0,00
K 0,00 0,00 0,00 0,00 - 0,00 0,00 0,00 0,00 0,00 0,00 0,00 - 0,00 0,00 0,00
F - ■ - - - 0,01 - - - - ■ ■ - - 0.01 -
Cl 0,00 0,00 - 0,00 0,01 0,00 - - 0,00 0,00 - - • 0,00 0,01 0,00
Ps 0,14 0,26 0,17 0,17 0,25 0,26 0,15 0,13 0,15 0,14 0,11 0,13 0,32 0,19 0,33 0,26
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Appendix B2. Epidote A nalyses (continued)
Sample 99'2-8B1 99-2-8B10 99-2-8B11 99-2-8B12 99-2-8B2 99-2-8B3 99-2-8B4 99-2-8B5 99-2-8B6 99-2-8B7 99-2-8B8 99-2-8B9 99-2-8C1 99-2-8C2 99-2-8C3 99-2-804
Rock Type PG PG PG PG PG PG PG PG PG PG PG PG PG PG PG PG
Location UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA
Occurrence ves vei vei vei ves ves ves vei vei vei vei vei ves ves ves ves
SiOj 37.17 38.19 37.35 37.76 37.44 37,55 37.91 36,91 37.29 36,98 37.51 37.16 37.32 37.89 37.02 37.70
TIO; 0.32 0.12 0.41 0.16 0.07 0,07 0.16 0.32 0.16 0,06 0.13 0.05 0.26 0.07 0.35 0.13
AIzO, 21.57 27.56 23.03 26.74 23,69 24,25 26,28 21,52 25,24 22,55 25,08 21.63 22,97 25,31 22,31 26,43
FOzO/ 15,99 9.40 14,20 10.38 13,34 13,24 10,99 16,25 11,93 15,65 12.28 16.58 14.50 11.66 15.31 10.67
CTzO; 0.03 b,d. 0,03 0.02 b.d. 0,01 b.d. 0,02 0.01 0,04 0.02 0.03 0.03 0.02 0.03 0.02
MnO 0.07 0,18 0.11 0,28 0,13 0,09 0,46 0,10 0,34 0,28 0.55 0.26 0.03 0,14 0.11 0,24
MgO 0.05 b,d. 0.05 0,05 0,04 0,01 0,04 0,03 0,03 0,08 0.05 0.06 0.03 0,07 0.04 0,02
CaO 23.04 23.27 23.04 22.81 23,23 23.41 22,99 23,17 22.73 22,58 22.69 22.80 23.35 23.23 23.17 22.80
Na;0 0.01 b.d. b.d. b.d. b.d. 0.01 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
K;0 0.02 0.02 0.02 0.02 0.01 0,01 0,01 0.01 0.03 0.02 0.03 0.03 0.02 b.d, 0.02 0.02
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0,03 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.01 b.d. b.d. b.d. b.d. 0,01 b.d. 0.01 b.d. b.d. b.d. 0.01 0.01 b.d, b.d. b.d.
Total 98,28 98.74 98,24 98.22 97.95 98,66 98.84 98,38 97.76 98,24 98.34 98.61 98.52 98,39 98,36 98.03

SI 2.96 2.97 2,97 2.96 2.98 2.97 2.96 2,96 2.96 2.96 2,96 2,98 2.97 2.98 2.96 2.96
A r 0.02 0.04 0,03 0.04 0.02 0.03 0,04 0.04 0.04 0.04 0,04 0.03 0.03 0.02 0.04 0.04
Al'" 2.02 2.49 2,13 2.43 2.20 2.22 2.38 2.00 2.31 2.08 2.29 2.01 2.12 2.32 2.06 2.41
Tl 0.02 0.01 0,03 0.01 0.00 0.00 0.01 0,02 0.01 0.00 0.01 0.00 0.02 0.00 0.02 0.01
Cr 0.00 - 0,00 0.00 - 0,00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Fe®* 0.96 0.55 0.85 0.61 0.80 0.79 0.65 0.98 0,71 0.94 0.73 1.00 0.87 0.69 0.92 0.63
Mn 0,01 0.01 0.01 0.02 0.01 0.01 0.03 0.01 0.02 0.02 0,04 0.02 0.00 0.01 0.01 0.02
Mg 0,01 - 0,01 0.01 0.01 0.00 0.01 0,00 0,00 0.01 0.01 0.01 0.00 0.01 0.01 0.00
Ca 1.98 1.94 1,97 1.92 1.98 1.98 1.92 1,99 1,93 1.94 1.92 1.96 1.99 1.96 1.99 1.92
Na 0.00 - - - - 0,00 - 0,00 - - - - - . ■ -
K 0.00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0.00 0.00 0.00 0.00 - 0.00 0,00
F - - - - - - - 0.02 - - - • - - - -

Cl 0.00 ■ - - - 0,00 - 0.00 - - - 0,00 0.00 - - -

Ps 0.32 0.18 0,28 0.20 0,26 0.26 0,21 0.33 0,23 0.31 0.24 0.33 0.29 0.23 0.30 0,20
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Appendix 82 . Epidote A nalyses (continued)
Sample 99-2-805 99-2-8C6 99-2-807 99-2-8C8 99-2-12A1 99-2-12A2 99-2-12A3 99-2-12A4 99-2-12A5 99-2-12A6 99-2-12B1 99-2-12B2 99-2-12B3 99-2-12B4 99-2-1201
Rock Type PG PG PG PG basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gml gmd gml gmd ves ves ves ves ves ves ves ves ves ves gml
SIO, 37.04 37.41 37.23 37.39 37.08 37.67 37.57 38.02 37.44 37.61 37.40 37.26 37.43 37.38 37.33
no. 0,09 0.12 0.19 0.09 0.43 0.04 0.33 0.05 0.25 0.08 0.20 0.05 0.10 0.16 0.06
AIjO, 21.87 23.68 22.81 24.68 21.98 24.53 23.22 26.43 23.56 24.59 24.27 23.35 23.48 23.28 24.19
Fe,0 ,T 16.46 14.19 15.00 12.52 15.05 12.17 13.35 9.96 13.36 12.38 12.98 13.95 13.88 13.95 13.39
CrjO, 0.04 0.01 0.03 b.d. 0.01 b.d. 0.01 b.d. b.d. b.d. 0.01 b.d. 0.01 b.d. b.d.
MnO 0.33 0.21 0.27 0.75 0.06 0.12 0.06 0.14 0.09 0.14 0.17 0.18 0.18 0.17 0.09
MgO 0.11 0.14 0.04 0.04 0.02 0.03 0.01 0.02 0.02 0.06 0.25 0.03 0.24 0.17 0.03
CaO 22.34 22.73 23.07 22.41 23.01 23.39 23.12 23.35 23.17 23.38 22.76 22.95 22.80 22.82 23.43
N a,0 b.d. b.d. b.d. b.d. 0.02 b.d. 0.01 0.02 0.01 0.02 0.02 b.d. 0.02 0.01 0.02
K ,0 0.03 0.02 0.03 0.03 0.01 b.d. 0.01 b.d. 0.01 0.01 0.02 0.01 0.02 0.01 0.02
F 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl b.d. b.d. b.d. b.d. 0.01 0.02 0.01 b.d. b.d. b.d. 0.02 b.d. b.d. b.d. b.d.
Total 98.32 98.51 98.67 97.91 97.68 97.97 97.70 97.99 97.91 98.27 98.10 97.78 98.16 97.95 98.56
SI 2.97 2.97 2.96 2.97 2.98 2.99 3.00 2.98 2.98 2.97 2.97 2.98 2.98 2.98 2.96
Ar 0.03 0.03 0.04 0.03 0.02 0.02 0.00 0.02 0.02 0.03 0.03 0.02 0.02 0.02 0.05
A!" 2.04 2.18 2.10 2.28 2.06 2.27 2.18 2.43 2.19 2.26 2.23 2.18 2.18 2.17 2.21
Tl 0.01 0.01 0.01 0.01 0.03 0.00 0.02 0.00 0.02 0.01 0.01 0.00 0.01 0.01 0.00
Cr 0.00 0.00 0.00 - 0.00 - 0.00 - - - 0.00 - 0.00 ■ -
Fe®" 0.99 0.85 0.90 0.75 0.91 0.73 0.80 0.59 0.80 0.74 0.77 0.84 0.83 0.84 0.80
Mn 0.02 0.01 0.02 0.05 0.00 0.01 0.00 0.01 0.01 0,01 0.01 0.01 0.01 0.01 0.01
Mg 0.01 0.02 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.03 0.00 0.03 0.02 0.00
Ca 1.92 1.93 1.97 1.91 1.98 1.99 1.98 1.96 1.98 1.98 1.93 1.97 1.94 1.95 1.99
Na ■ - ■ - 0.00 - 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00
K 0,00 0.00 0.00 0.00 0.00 - 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F 0.01 - - - - - - - - - - - - ■ -
Cl - - - - 0.00 0.01 0.00 - - - 0.01 - - - -
Ps 0.32 0.28 0.30 0.24 0.30 0.24 0.27 0.19 0.27 0.24 0.25 0.28 0.27 0.28 0.26
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Appendix B2. Epidote A nalyses (continued)
Sample 99-2-1202 99-2-12C3 99-2-1204 101-1-24A1 101-1-24A2 101-1-24A3 101-1-24A4 101-1-2401 101-1-2402 101-1-24C3 101-1-2404 101-1-24C5 101-1-2406
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gmd gml gmd vei vei vei vei vei vei vei vei vei vei
SIO, 37.60 37.03 38.00 37.57 37.22 37.22 37.28 36.93 37.40 37.43 37.15 37.47 36.48
TIG, 0.08 0.54 0.03 0.06 0.01 0.12 0.05 0,07 0.12 0,07 0.11 0.12 0.11
AI,Oj 25.43 22.39 26.54 24.03 22.69 23.34 23.73 22.69 24.48 24.75 24.87 24.54 19.92
Fe,0/ 11.17 14.40 10.08 12.58 13.74 13.00 12.69 14.07 11.58 11.22 11.17 11.77 17.48
Cr,Oj 0.02 b.d. b.d. 0.01 0.03 0.03 b.d. 0.01 b.d. b.d. 0.01 b.d. b.d.
MnO 0.12 0.06 0.13 0.06 0.01 0.09 0.08 0.07 0.12 0.09 0.07 0.13 0.04
MgO 0.06 0.04 0,06 0.04 0.04 0.04 0.05 0.11 0.03 0.04 0,02 0.05 0.02
CaO 23.63 23.29 23.49 23.27 22.87 23.02 22.91 22.60 22.87 23.19 23.15 22.58 22.80
Na,0 0.01 0.01 0.02 b.d. 0.01 b.d. 0.02 0.02 b.d. b.d. 0.01 0.04 b.d.
K,G b.d. 0.01 0.01 0.04 0.01 0.05 0.04 0.01 0.03 0.02 0.02 0.01 0.02
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl b.d. b.d. b.d. 0.03 b.d. 0.01 b.d. b.d. 0.01 0.01 0.01 0.02 b.d.
Total 98.12 97.77 98.36 97.69 96.63 96.92 96.85 96.58 96.64 96.82 96.59 96.73 96.87
SI 2.97 2.97 2.97 2.99 3.01 2.99 2.99 2.99 3.00 2.99 2.98 3,00 2.99
Al" 0.03 0.03 0.03 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.02 0.00 0.01
Al'’ 2.33 2,09 2.42 2.24 2.16 2.20 2.24 2.15 2.31 2.32 2.32 2.31 1,91
Tl 0.01 0.03 0.00 0.00 0.00 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.01
Cr 0.00 - ■ 0.00 0.00 0.00 - 0.00 - - 0.00 - .

Fe^ 0.66 0.87 0.59 0.75 0.83 0.79 0.77 0.86 0.70 0.67 0.67 0.71 1.08
Mn 0.01 0.00 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0,01 0.00
Mg 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00
Ca 2.00 2.00 1.97 1.99 1.98 1.98 1.97 1.96 1.96 1.99 1.99 1.94 2.00
Na 0.00 0.00 0.00 - 0.00 - 0.00 0.00 - ■ 0.00 0.01 .

K
F

- 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0,00 0.00

Cl ■ • - 0.01 - 0.00 . - 0.00 0.00 0.00 0.01
Ps 0.22 0.29 0.20 0.25 0.28 0.26 0.25 0.28 0.23 0.22 0.22 0.23 0.36
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Appendix B2. Epidote A nalyses (continued)
Sample 102-4-1A1 102-4-1A2 102-4-1A3 102-4-1A4 102-4-1A5 102-4-1B1 102-4-1B2 102-4-1B3 102-4-1B4 102-4-101 102-4-102 102-4-103 102-4-104 102-4-1D1 102-4-1D2
Rock Type epidosite epidosite epidosite epidosite epidosite epidosite epidosite epidosite epidosite epidosile epidosite epidosite epidosile epidosite epidosite
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence vei vei vei vei vei vei vei vei gm gml gmd gml gmd gml gmd
SIO, 37.59 37.24 37.84 37,43 37,74 37.10 37.35 37.64 37.25 37.31 36.30 37.26 37,64 37,09 37.59
TIO, 0,19 0.02 0.11 0,11 0,01 0.01 0.11 0.16 0.09 0.42 0.13 0.39 0,04 0,37 0.07
A I A 25.90 24.87 26.32 26,15 27,54 25.55 23.88 24.91 22.82 22.73 25.95 24.43 28,53 23,45 25.97
Fe,0 / 10.57 12.25 10.40 10,74 8.84 11.16 13.76 12.23 14.64 14.15 11.13 12.22 6,49 13,46 10,98
CrjO, b.d. 0.01 0.02 b,d. b.d. b.d. 0.02 0.01 0.03 0.01 0.01 0.01 b,d. b,d. 0,01
MnO 0.11 b.d. 0.12 0,41 0.10 0.07 0.12 0,07 0.16 0,14 0.41 0.07 0,14 0,35 0,26
MgO 0.08 0.01 0.15 0,13 0.03 0,02 0.02 0,06 0.03 0,05 0.05 0.11 0,02 0,04 0,07
CaO 23.20 23.08 23.16 22.66 23.27 23,12 23.07 23,47 22.81 22,47 22.82 23.59 23,55 23,03 23,28
N a,0 0.03 0.01 0.02 0.01 b.d. 0,01 0.01 0,01 0.02 0,07 b.d. 0.01 0,01 b,d. b,d.
K ,0 0,01 b.d. 0.01 0.01 0.01 b,d. 0.01 b,d. ■ b.d. b,d. b.d. 0.01 b,d. b,d. b,d.
F b.d. b.d. 0.04 0.01 b.d. 0,03 b.d. b,d. b.d. 0,02 b.d. b.d. b,d. b,d. b,d.
Cl 0.01 b.d. b.d. b.d. b.d. 0,01 b.d. 0,01 b.d. 0,01 0.01 b.d. b,d. b.d. 0,02
Total 97.69 97.49 98.19 97.66 97.54 97,08 98.35 98,57 97.85 97,38 96.81 98.10 96,42 97.79 98,25
SI 2.97 2.96 2.97 2.96 2.96 2,96 2.96 2,97 2.98 2,99 2.91 2.96 2,97 2.96 2,96
Al" 0.03 0.04 0.03 0.04 0.04 0,04 0.04 0.04 0.02 0.01 0.09 0.05 0,03 0.04 0,04
Al'" 2.38 2.29 2.40 2.39 2,51 2,35 2.20 2.28 2,13 2.14 2.35 2.24 2,62 2.17 2,36
Tl 0.01 0.00 0.01 0.01 0,00 0,00 0.01 0.01 0,01 0.03 0,01 0.02 0,00 0.02 0,00
Cr - 0.00 0.00 - - - 0.00 0.00 0,00 0.00 0,00 0.00 - - 0,00
Fe®* 0.63 0.73 0.61 0.64 0.52 0,67 0.82 0.72 0,88 0.85 0.67 0.73 0,39 0.81 0,65
Mn 0.01 - 0.01 0.03 0.01 0,01 0.01 0.01 0.01 0.01 0.03 0.01 0,01 0.02 0,02
Mg 0.01 0,00 0,02 0.02 0.00 0,00 0.00 0.01 0.00 0.01 0.01 0.01 0,00 0.01 0,01
Ca 1.96 1.97 1,95 1.92 1.96 1,97 1.96 1.98 1.96 1.93 1.96 2.00 1,99 1.97 1,96
Na 0.01 0.00 0,00 0.00 - 0,00 0.00 0.00 0.00 0.01 - 0.00 0,00 - -

K 0.00 - 0,00 0.00 0.00 - 0.00 - - - - 0,00 - - -

F - - 0,02 0.01 - 0,02 - - - 0.01 - - ■ - -

Cl 0.00 - - - - 0,00 - 0.00 - 0.00 0.00 - - - 0,01
Pa 0.21 0.24 0,20 0.21 0.17 0.22 0.27 0.24 0.29 0.28 0.21 0,24 0,13 0.27 0,21
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Appendix B2. Epidote A nalyses (continued)
Sample 1024-103 102-4-1D4 105-1-8(b)A5 105-1-8(b)B1 105-1-8(6)04 105-1-8(6)01 105-1-8(b)E1 105-1-8(b)E2 105-1-14A1 105-1-25B2 105-1-25B3 105-1-25B5 105-1-25D2
Rock Type epidosite epidosite gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UofA UofA OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU
Occurrence gml gmd gm gm gm gm vei vei gm vei gm vei vei

SIO2 37.11 37,32 37.98 38.88 38.69 40.33 39.12 38,74 37.66 38,00 38.31 37.69 37,86
n o . 0.06 0.09 0.06 0.01 0.11 0,02 0,02 0,02 0,07 0.09 0.10 0,22 0.01

AlzOa 23,21 23.12 25.35 26.10 26.11 23,49 28.48 28.93 24.31 26.06 26,73 27.17 25.97
F% 0/ 14.07 14.37 11.68 10.38 8.98 11.65 6,77 5.96 12.80 10,36 9,16 9,45 10.54
CrjOj b.d. 0,01 b.d. 0.02 0.01 b.d. b.d. 0.02 0.10 0.02 b.d. 0.05 b.d.
MnO 0.18 0.19 b.d. 0.14 b.d. 0.08 0.23 0.22 0.11 0.03 0,18 0.60 0.09
MgO 0.03 0.05 0,03 0.09 0.07 0.09 0.32 0.38 b.d. 0.05 0.11 0.23 0.16
CaO 23.12 23.14 23.78 24.23 24.06 24.05 24.03 24.30 23.14 23.79 23.51 22.85 23.56
NajO 0.02 0.01 0.02 0.03 0.04 0,03 b.d. 0.01 0.01 0.02 0.01 0.02 b.d.
K2O b.d. 0.01 0.01 0,02 0.02 b.d, b.d. b.d. b.d. b.d, 0.01 b.d. b.d.
F 0,01 0,02 0,10 0.01 0.08 0.10 0.07 0.06 0.06 0,02 0.13 0,08 b.d.
Cl 0.01 0.01 0,01 0.01 0,03 0,02 0.03 0.01 0,01 0,01 b.d, 0,01 0,01
Total 97.82 98.34 99.02 99.92 98,20 99.86 99.07 98.65 98.27 98.45 98.25 98.37 98.20

SI 2,97 2.97 2.97 3.00 3,03 3.12 3.01 2.99 2.98 2,98 3.00 2.95 2.97
Al" 0.03 0.03 0.03 0,00 0.00 0.00 0.00 0.02 0.02 0.02 0.01 0.05 0.03
Al" 2.16 2.14 2,31 2.37 2,41 2,14 2.58 2.61 2.25 2,38 2,46 2,45 2.38
Tl 0.00 0,01 0.00 0.00 0,01 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0,00
Cr ■ 0.00 - 0.00 0,00 - - 0.00 0.01 0.00 - 0.00 -
Fe®* 0.85 0,86 0.69 0,60 0.53 0.68 0.39 0.35 0.76 0.61 0.54 0.56 0,62
Mn 0.01 0.01 - 0,01 - 0,01 0.02 0.01 0.01 0.00 0.01 0.04 0.01
Mg 0.00 0,01 0.00 0,01 0.01 0,01 0.04 0.04 - 0.01 0.01 0.03 0.02
Ca 1.98 1.98 2,00 2.00 2.02 2.00 1.98 2.01 1.96 2.00 1.97 1.92 1.98
Na 0.00 0.00 0.00 0,00 0.01 0.01 - 0.00 0.00 0.00 0.00 0,00 -

K - 0.00 0.00 0.00 0,00 - ■ - - - 0.00 - .

F 0.01 0,01 0.05 0.01 0.04 0,05 0.03 0.03 0.03 0.01 0,06 0.04 -
Cl 0.00 0.00 0.00 0.00 0.01 0.01 0,01 0.00 0.00 0.00 - 0.00 0,00
Ps 0.28 0.28 0.23 0.20 0.18 0,24 0.13 0.12 0.25 0.20 0.18 0.18 0.21
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Appendix B2. Epidote A nalyses (continued)
Sample 10M-6a1 105-3-6B1 105-3-6B2 105-3-6B3 105-3-6B4 105-3-6B5 105-3-6D6 106-2-11A1 106-2-11D2 106-2-11D3 108-2-12A1 108-2-12A2 108-2-12A3 108-2-12A4
Rock Type basalt basalt basalt basalt basalt basalt basalt PG PG PG PG PG PG PG
Location OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU UofA UofA UofA UofA
Occurrence gm vei vei cor Inc Inc gm vet gm gm gm gm gm gm
SIO; 38,30 38,13 38,08 39,06 38,22 38,02 37,92 37,62 38,17 37,68 37,58 37,71 38,01 37,72
TiO; 0,03 0,06 0,13 0.03 0.04 0,09 0,01 0.10 0,10 0,08 0,04 0,06 0,11 0,04
AI; 0 3 23,28 25,36 23,78 29,38 24,45 25,95 23,42 26,18 27,37 27,11 25,89 26,45 27,65 25,57
FejOj' 14,38 11,58 13,09 5,82 12,30 10,49 14.08 9,93 8,34 9,45 11,12 9.74 7,93 10,76
Cr; 0 3 0,01 b,d. 0,06 0,01 0,02 b.d. b.d. b.d. b.d. 0,01 0,01 b.d. b,d. 0,02
MnO 0,23 0,04 0,09 0,01 0,12 0,13 0.10 0,22 0.11 0,24 0,11 0,15 0,17 0,08
MgO 0,05 0.07 0,02 0,07 0,01 0,03 0,03 b.d. b.d. 0,03 0,31 0,03 b,d. 0,01
CaO 23,42 23,76 23,67 24,58 23,72 23,58 23,53 22,88 23,34 23,00 22,96 23,35 23,62 23.16
Na;0 0,01 b,d. b,d. 0,01 0,01 0,01 0,01 0,03 0,02 0.02 b.d, b.d, b.d. 0,01
K;0 b.d. b,d. b,d. 0,03 b.d. 0,01 0,01 0,01 0,02 0,02 0,03 0,01 0,02 0,02
F 0,05 b,d. 0,02 0,17 0,03 0,08 b.d. 0,08 b.d. b.d. b.d. b,d. b,d. b.d.
Cl 0,02 0,01 0,02 b.d. 0,02 0,03 0,01 0,01 0,02 0,02 0,02 b,d. b,d. 0,02
Total 99,78 99,01 98,96 99,17 98,94 98,42 99,12 97,06 97,49 97,66 98,07 97,50 97,51 97,41
Si 3,00 2,98 3,00 2,99 3,00 2,98 2,99 2,98 2,99 2,96 2,96 2,98 2,98 2,99
A r 0,00 0,02 0,00 0,01 0,00 0,02 0,01 0,02 0,01 0,04 0,04 0,03 0,02 0,01
Al'" 2,15 2,32 2,21 2,64 2,26 2.38 2.17 2,43 2,52 2,47 2,36 2,43 2,53 2,37
Tl 0,00 0,00 0.01 0.00 0.00 0,01 0,00 0,01 0,01 0,01 0,00 0,00 0,01 0,00
Cr 0,00 - 0,00 0,00 0,00 - - - - 0,00 0,00 - . 0,00
Fe®* 0,85 0,68 0,78 0,34 0,73 0,62 0,84 0,59 0.49 0,56 0,66 0,58 0,47 0,64
Mn 0,02 0,00 0,01 0,00 0,01 0,01 0,01 0,02 0,01 0,02 0,01 0,01 0,01 0,01
Mg 0,01 0,01 0,00 0,01 0,00 0,00 0,00 - . 0,00 0,04 0,00 0,00
Ca 1,97 1,99 2,00 2,02 2,00 1,98 1,99 1,94 1,96 1,94 1,94 1,97 1,98 1,97
Na 0,00 - - 0,00 0,00 0,00 0.00 0.01 0,00 0,00 - ■ . 0,00
K - ■ • 0,00 • 0,00 0.00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
F 0,03 - 0,01 0,08 0,02 0,04 - 0.04 . .

Cl 0,01 0,00 0,01 - 0,01 0,01 0,00 0,00 0,01 0,01 0,01 0,01
P s 0,28 0,23 0,26 0,11 0,24 0,21 0,28 0,19 0,16 0,18 0,22 0,19 0,15 0,21
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Appendix B2. Epidote A nalyses (continued)
Sample 108-2-12B1 108-2-12B2 108-2-12B3 108-2-12B4 108-2-12B5 108-2-12B6 108-2-1201 108-2-1202 108-2-1203 108-2-12C4 108-2-12C5 108-2-12C6 108-3-1A1
Rock Type PG PG PG PG PG PG PG PG PG PG PG PG basalt
Location UolA UofA UolA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
OccuiTüflce gm gm gm gm gm gm gm gm gm gm gm gm vel
SIO; 37,31 37.45 37.01 37.91 37.01 37.00 37.29 37.75 37.30 37.45 37.18 37.54 37.94
TiO, 0.16 0.17 0.41 0.09 0.32 0.38 0.08 0.10 0.02 0.16 0.29 0.01 0.16
AijOs 24.78 25.19 23.09 26.66 23.19 23.21 23.60 26.85 24.38 26.25 22.62 25.44 26.41
Fe^O/ 11.77 11.38 13.43 9.77 13.13 12.76 13.78 9.16 12.10 10.81 14.39 11.36 10.41
CrjOj b.d. b.d. b.d. b.d, 0.01 0.01 b.d. b.d. 0.02 0.02 0.02 0.01 b.d.
MnO 0.09 0.13 0.04 0.09 0.04 0.03 0.16 0.26 0.05 0.49 0.02 0.06 0.31
MgO 0.01 0.01 0.01 0.04 0.01 0.03 0.03 0.02 0.01 0.03 0.03 0.01 0.02
CaO 23.33 23.41 23.20 23.21 22.89 22.76 22.87 22.92 23.31 22.36 23.18 23.58 23.06
NajO b.d. b.d. b.d. b.d. 0.04 b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d.
K2O b.d. 0.01 0.02 0.03 0.03 0.02 0.02 0.01 0.02 0.01 0.03 0.03 0.03
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d, b.d. b.d. b.d. b.d,
Cl b.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.02 0.01 0.02 b.d.
Total 97.43 97.76 97.21 97.80 96.67 96.20 97.83 97.07 97.21 97.61 97.77 98.06 98.34
SI 2.97 2.97 2.97 2.98 2.99 2.99 2.98 2.98 2.98 2.96 2.98 2.97 2.97
Al" 0.03 0.03 0.03 0.02 0.02 0.01 0.03 0.02 0.02 0.04 0.02 0.04 0.03
Al'" 2.29 2.32 2.16 2.44 2.19 2.21 2.19 2.48 2.27 2.40 2.12 2.33 2.41
Tl 0.01 0.01 0.03 0.01 0.02 0.02 0.01 0.01 0.00 0.01 0.02 0.00 0.01
Or • - ■ - 0.00 0.00 - - 0.00 0.00 0.00 0.00 ■
Fe^ 0.70 0.68 0.81 0.58 0.80 0.78 0.83 0.54 0.73 0.64 0.87 0.68 0.61
Mn 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.02 0.00 0.03 0.00 0.00 0.02
Mg 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Ca 1.99 1.99 2.00 1.95 1.98 1.97 1.96 1.94 2.00 1.89 1.99 2.00 1.94
Na - - - - 0.01 - - - - 0.00 . . .
K
F

- 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cl - 0.00 - - - - ■ . . 0.01 0.00 0.01
Ps 0.23 0.22 0.27 0.19 0.27 0.26 0.27 0.18 0.24 0.21 0.29 0.22 0.20

212



Appendix B2. Epidote A nalyses (continued)
Sample 108-3-1A2 108-3-1A3 108-3-1A4 108-3-1A5 108-3-1D1 108-3-1D2 108-3-1 FI 108-3-1F2 108-3-1G3 108-3-16A1 108-3-16A2 108-3-16A3 108-3-16A4
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt epidoslte epidoslte epidoslte epidoslte
Location UofA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA
Occurrence vel vel vel vel vel vel gml gmd gm gml gmd gml gmd
SIC, 37.12 37.72 36.96 37.73 36.91 37.54 37.16 37.80 37.51 37.38 37.67 37.25 37.41
TiOj 0,55 0.19 0.41 0.07 0,04 0.08 0.14 b.d. 0.01 0.04 0.18 0.26 0.09
AI2O3 23.05 26.87 22.27 25.24 21,51 24.96 22.21 23.76 24.44 24.12 26,50 22.84 25.50
Fe,0,T 14.01 10.15 14.63 11.89 16.92 12.22 14.63 12.68 12.69 13.27 10.21 13.94 11.65

b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 0.02 b.d. 0.01 0.02
MnO 0.08 0.41 0.07 0.16 0.08 0.18 0,08 0.15 0.22 0.06 0.28 0.06 0.21
MgO 0.03 0.04 0,02 0.04 b.d. 0.02 0.04 0,04 0.01 b.d. 0.03 0.06 0.02
CaO 23.37 22.92 23.13 23,27 22.93 23.35 23.24 23.29 23.33 23.24 23.06 23.19 23.22
Na%0 b.d. b.d, b.d. b.d. b.d. 0.02 b.d. b.d. b.d. b.d. 0.02 0.01 0.02
K2O 0.03 0.03 0.04 0.03 0.03 0.04 0.03 0.03 0.03 0.02 0.02 0.02 0.01
F b.d. b.d. b.d. b.d. 0.02 0.01 0.01 0.03 b.d. b.d. b.d. 0.03 b.d.
Cl b.d. b.d. b.d. b.d. b.d. b.d. 0.01 0.01 b.d. b.d. b.d. 0.01 b.d.
Total 98.24 98.33 97.53 98.43 98.44 98.42 97.56 97.79 98.24 98.15 97.97 97.68 98.15
SI 2.96 2.95 2.97 2.97 2.96 2.96 2.99 3.01 2.97 2.97 2.96 2.98 2.95
Al" 0.04 0.05 0.03 0.03 0.04 0.04 0.01 0.00 0.03 0.03 0.04 0.02 0.05
Al" 2.12 2.43 2.09 2.31 2.00 2.28 2.09 2.23 2.25 2.22 2.41 2.14 2.32
Tl 0.03 0.01 0.03 0.00 0.00 0.01 0.01 - 0.00 0.00 0.01 0.02 0.01
Cr - - - - - • 0,00 - - 0.00 - 0.00 0.00
Fe®* 0.84 0.60 0.89 0.70 1.02 0.73 0.89 0.76 0.76 0.79 0.60 0.84 0.69
Mn 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0,00 0.02 0.00 0.01
Mg 0,00 0.01 0.00 0.01 ■ 0.00 0.01 0.01 0.00 - 0.00 0.01 0.00
Ca 2.00 1.92 1.99 1.96 1.97 1.98 2.00 1.99 1.98 1.98 1.94 1.99 1.96
Na - - - • ■ 0.00 - - - - 0.00 0.00 0.00
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
F - - - - 0.01 0.01 0.01 0.02 - • - 0.02 .

Cl ■ - - - - - 0.00 0.00 - - - 0.00 -
Ps 0.28 0.19 0.30 0.23 0.33 0.24 0.30 0.25 0.25 0.26 0.20 0.28 0.23
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Appendix 82 . Epidote A nalyses (continued)
Sample 
Rock Type 
Location 
Occurrence

I08-3-16B1108-3-16B2I08-3-16C1I08-3-16C2I08-3-16C3108-3-16C4 108-3-16D1 108-3-1602 108-3-1603 108-3-1604 110-1-5AA1 110-1-5AA2 110-1-5AA3 110-1-5AA4 
epidosile epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte basalt basalt basalt basalt 

UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA 
gml gmd gml gmd gml gmd gml gmd gml gmd vel vel vel vel

SIO, 37.09 37.56 36.65 37.20 37.18 37.37 37.18 37.54 37.09 37.34 37.15 37.06 37.21 37.52
TIO2 0.18 0.11 0.49 0.09 0.06 0.12 0.28 0.10 0.43 0.11 0.16 0.66 0.43 0.15
AI2O3 23.04 26.31 22.18 25.63 25.26 26.37 22.50 26.18 22.91 25.74 22.86 21.87 21.96 24.33
FejO," 14.11 10.00 14.37 11.19 12.14 10.05 14.49 10.64 14.02 10.89 13.64 14.62 14.40 12.39
CrjOs b.d. b.d. 0.01 0.04 0.05 0.02 0.02 b.d. 0.01 0.01 b.d. b.d. 0.01 0.01
MnO b.d. 0.17 0.07 0.56 0.50 0.16 0.05 0.40 0.12 0.32 0.03 0.06 0.08 0.08
MgO 0.04 0.04 0.06 0.05 0.06 0.03 0.04 0.04 0.07 0.04 0.02 0.08 0.03 0.17
CaO 23.06 23.01 23.03 22.19 22.23 23.13 23.16 22.71 23.00 22.77 23.03 23.05 22.76 23.16
NajO 0.02 0.02 0.02 0.01 b.d. 0.01 b.d. b.d. 0.01 0.02 0.01 b.d. b.d. b.d.
K2O 0.02 0.02 0.03 0.02 0.01 0.03 0.01 b.d. 0.01 0.01 0.02 0.02 0.01 0.01
F 0.04 b.d. 0.06 0.01 0.01 b.d. 0.04 0.01 0.03 0.02 b.d. b.d. b.d. b.d.
Cl b.d. 0.01 0.01 b.d. 0.01 b.d. b.d. b.d. b.d. 0.01 0.03 b.d. 0.01 b.d.
Total 97.60 97.25 96.98 96.99 97.51 97.29 97.77 97.62 97.70 97.28 96.95 97.42 96.90 97.82
SI 2.97 2.97 2.97 2.96 2.96 2.96 2.98 2.97 2.97 2.97 2.99 2.99 3.01 2.98
A r 0.03 0.03 0.03 0.04 0.04 0.04 0.02 0.04 0.03 0.04 0.01 0.02 0.00 0.02
A!'" 2.15 2.42 2.08 2.37 2.32 2.42 2.11 2.40 2.13 2.37 2.16 2.06 2.09 2.25
Tl 0.01 0.01 0.03 0.01 0.00 0.01 0.02 0.01 0.03 0.01 0.01 0.04 0.03 0.01
Cr - - 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 • - 0.00 0.00
Fe’* 0.85 0.60 0.88 0.67 0.73 0.60 0.87 0.63 0.84 0.65 0.83 0.89 0.88 0.74
Mn - 0.01 0.01 0.04 0.03 0.01 0.00 0.03 0.01 0.02 0.00 0.00 0.01 0.01
Mg 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.02
Ca 1.98 1.95 2.00 1.89 1.89 1.96 1.99 1.92 1.97 1.94 1.99 1.99 1.97 1,97
Na 0.00 0.00 0.00 0.00 ■ 0.00 - - 0.00 0.00 0.00 . .
K 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00
F 0.02 - 0.03 0.01 0.01 ■ 0.02 0.01 0.02 0.01 - - • •
Cl - 0.00 0.00 - 0.00 - • ■ - 0.00 0.01 - 0.00 -

Ps 0.28 0.20 0.29 0.22 0.23 0.20 0.29 0.21 0.28 0.21 0.28 0.30 0.30 0.25
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Appendix B2. Epidote A nalyses (continued)
Sample 110-1-5AA5 110-1-5AA6 110-1-5AA7 110-1-5AA8 110-1■5AB1 110-1-5AB2 110-1-5AB3 110-1-5AB4 110-1-5AC1 110-1-5AC2 110-1-5AC3 110-1-5AC4 110-1-15A1
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence vel vel vel vel vel vel vel vel cor rim cor rim cor
SIC, 37.36 36.99 37.20 37.41 37.52 37.77 37.34 37.69 37.34 37.40 38.05 37.55 37.49
TiOj 0,13 0.14 b.d. 0.01 0.49 0.03 0.09 0.07 0.15 0.13 0.04 0.05 0.10
AljOj 24.10 23.47 22.09 24.69 22.43 24.60 24.13 24.49 24.02 22.33 25.82 23.78 25.35
F ejO / 12.54 13.18 14.95 11.87 13.59 11.85 12.54 11.94 12.42 14.17 9.53 12.35 11.26
CtjOs b.d. b.d. 0.01 b.d. 0.03 0.01 0.01 0.01 0.01 b.d. b.d. b.d. b.d.
MnO 0.10 0.07 0.12 0.17 0.04 0.09 0.09 0.05 0.09 0.04 0.07 0.06 0.11
MgO 0.12 0.06 0.07 0.07 0.03 0.05 0.01 0.12 0.03 0.05 b.d. 0.03 0.04
CaO 22.89 23.22 23.06 23.12 23.01 23.31 23.25 23.10 23.30 23.20 23.60 23.08 23.54
Na% 0 b.d. 0.01 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.02 b.d. b.d. b.d.
KjO 0.04 0.01 0.02 0.04 0.03 0.02 0.01 0.02 0.02 0.02 0.03 0.02 0.03
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 0.01
Total 97.28 97.15 97.52 97.38 97.18 97.73 97.48 97.49 97.38 97.36 97.14 96.92 97.93
SI 2.98 2.97 3.00 2.98 3.02 3.00 2.98 3.00 2.98 3.01 3.01 3.01 2.97
Al" 0.02 0.03 0.01 0.02 0.00 0.00 0.02 0.00 0.02 0.00 0.00 0.00 0.04
Al'" 2.25 2.19 2.09 2.30 2.12 2.29 2.25 2.29 2.24 2.11 2.41 2.24 2.33
Tl 0.01 0.01 - 0.00 0.03 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.01
Cr - - 0.00 - 0.00 0.00 0.00 0.00 0.00 ■ . . .

Fe** 0.75 0.80 0.91 0.71 0.82 0.71 0.75 0.71 0.75 0.86 0.57 0.74 0.67
Mn 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01
Mg 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.00 0.01 ■ 0.00 0.01
Ca 1.96 2.00 1.99 1.97 1.98 1.98 1.99 1.97 1.99 2.00 2.00 1.98 2.00
Na - 0.00 - - 0.00 - . . - 0.00 . . .

K
F

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Cl - - - - . . 0.00 . 0.00
Ps 0.25 0.26 0.30 0.23 0.28 0.24 0.25 0.24 0.25 0.29 0.19 0.25 0.22
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Appendix B2. Epidote A nalyses (continued)
Sample 110-M5A2 110-1-15A3 110-1-15A4 110-1-1581 110-1-1582 110-1-25A1 110-1-25A6 110-1-25A7 110-1-2581 110-1-2582 110-1-2583 110-1-2584 110-1-25C1
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UolA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence rim cor rim cor rim gm vel vel vel vel vel vel vel
SiOj 37,21 37.31 37.28 37.17 37.73 38.00 38.15 38.22 37.83 37.75 38.08 37.71 37.38
TiOj 0.35 b.d. 0.08 0.62 0.05 0.09 0.19 0.02 0.03 0.04 0.10 0.03 0.06
AlaOj 23.53 23.53 26.06 23.52 25.95 23.81 26.14 24.62 24.74 24.51 25.39 23.20 23.53

13.51 13.88 10.15 13.18 11.08 11.75 9.55 11.13 11.69 11.62 10.23 13.20 12.61
CraO, 0.02 b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 0.02 b.d. b.d. b.d. b.d.
MnO 0.04 0.04 0.22 0.07 0.15 0.32 0.25 0.25 0.12 0.13 0.05 0.10 0.12
MgO 0.05 0.01 0.04 0.10 0.03 0.23 0.18 0.37 0.13 0.13 0.15 0.17 0.10
CaO 23.30 23.12 22.83 23.12 23.39 23.21 22.96 23.03 23.42 23.21 23.35 23.06 23.08
NajO b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 0.01 b.d. 0.01 b.d. 0.03 b.d.
K;0 0.03 0.03 0.05 0.04 0.02 0.02 b.d. 0.01 0.03 0.02 0.02 b.d. 0.01
F b.d. 0.01 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b.d. 0,01 b.d. 0.01 0.02 b.d.
Total 98.04 97.93 96.72 97.84 98.41 97.44 97.42 97.66 98.02 97.42 97.38 97.52 96.89
SI 2.96 2.98 2.97 2.96 2.96 3.03 3.01 3.02 2,99 3.00 3.01 3.01 3.00
Ar 0.04 0.02 0.03 0.04 0.04 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00
Al'" 2.17 2.19 2.41 2.17 2.36 2.23 2.43 2.29 2,30 2.30 2.37 2.18 2.23
Tl 0.02 - 0.01 0.04 0.00 0.01 0.01 0.00 0,00 0.00 0.01 0.00 0.00
Cr 0.00 - 0.00 - - - - - 0.00 - - - .

Fe*" 0.81 0.83 0.61 0.79 0.65 0.70 0.57 0.66 0.70 0.70 0.61 0.79 0.76
Mn 0.00 0.00 0.02 0.01 0.01 0.02 0.02 0.02 0.01 0.01 0.00 0.01 0.01
Mg 0.01 0.00 0.01 0.01 0.00 0.03 0.02 0.04 0.02 0.02 0.02 0.02 0.01
Ca 1.99 1.98 1.95 1.98 1.97 1.98 1.94 1.95 1.98 1.98 1.98 1.97 1.99
Na - ■ - - 0.00 - - 0.00 • 0.00 - 0.01 -

K 0.00 0.00 0.01 0.00 0.00 0.00 - 0.00 0.00 0.00 0.00 • 0,00
F - 0.01 - 0.01 - - - - ■ - • . .

Cl - - - - - 0.00 - - 0.00 - 0.00 0.01 ■

Ps 0.27 0.27 0.20 0.26 0.21 0.24 0.19 0.22 0.23 0.23 0.20 0.27 0,25
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Appendix B2. Epidote A nalyses (continued)
Sample 110-1-25C2 110-1-25C3 110-1-2504 110-1-32A1 110-1-32A2 110-1-32A3 110-1-32A4 110-1-32A5 110-1-32A6 110-1-3202 110-1-3203 110-1-3204 110-1-32C5
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence vel vel vel gm gm gm gm gm gm gm gm gm gm
SiOj 37,29 36.98 37.27 37.59 37.27 37.09 37.25 37.59 37.07 36.80 37.20 36.71 37.21
TIOj b.d. 0.33 0.15 0.15 0.31 0.31 0.74 0.73 0.84 0.98 0.64 1.48 0.50
AI2O3 22.08 22.37 23.31 24.56 24.06 24.02 23.10 24.21 22.41 22.90 23.41 22.58 23.49
FejOjT 14.56 14.33 13.11 11.56 12.57 12.07 13.08 11.61 13.65 12.43 12.55 12.36 12.55
CrzO) b.d. b.d. b.d. 0.01 b.d. 0.02 0.02 0.02 0.02 0.03 0.06 0.03 b.d.
MnO 0.08 0,03 0.06 0.13 0.20 0.13 0.17 0.11 0.09 0.12 0.16 0.07 0.14
MgO 0.14 0.03 0.01 0.12 0.10 0.08 0.21 0.11 0.08 0.16 0.09 0.08 0.09
CaO 23.28 22.95 22.91 23.10 22.87 22.94 23.00 22.93 22.96 23.24 22.99 23.22 22.98
NajO b.d. b.d. b.d. b.d. 0.01 b.d. 0.01 0.02 b.d. 0.01 b.d. b.d. b.d.
KjO 0.02 0.03 0.02 0.03 0,04 0.01 0,04 0.05 0.03 0.03 0.03 0.03 b.d.
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.01 b.d. b.d. 0.01 b.d. b.d. b.d. b.d. b.d. 0.02 0.02 b.d. b.d.
Total 97.46 97.05 96.84 97.26 97.43 96.67 97.62 97.38 97.15 96.72 97.15 96.56 96.96
SI 3.00 2.99 3.00 2.99 2.98 2.98 2.98 2.99 2.98 2.97 2.98 2.97 2.99
A r 0.00 0.02 0.00 0.01 0.03 0.02 0.02 0.01 0.02 0.03 0.02 0.03 0.01
Al" 2.09 2.11 2.21 2.30 2.24 2.25 2.15 2.26 2.11 2.15 2.19 2.12 2.21
Tl • 0.02 0.01 0.01 0.02 0.02 0.04 0.04 0.05 0.06 0.04 0.09 0.03
Cr - - - 0.00 - 0.00 0.00 0,00 0.00 0.00 0.00 0.00 -
Fe*" 0.88 0.87 0.79 0.69 0.75 0.73 0.79 0.69 0.83 0.75 0.76 0.75 0.76
Mn 0.01 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 0.02 0.00 0.00 0.01 0.01 0.01 0.03 0.01 0.01 0.02 0.01 0.01 0.01
Ca 2.01 1.99 1.97 1.97 1.96 1.98 1.97 1.96 1.98 2.01 1.98 2.01 1.98
Na - - - - 0.00 - 0.00 0.00 - 0.00 - - -
K
c

0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 -
r
Cl 0.00 . . 0.00 0.01 0.01
Ps 0.30 0.29 0.26 0.23 0.25 0.24 0.27 0.23 0.28 0.26 0.25 0.26 0.25
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Appendix B2. Epidote A nalyses (continued)
Sample 110-1-32C6 111-1-3A2 111-1-301 111-4-3B2 113-1-10b2 113-1-10b3 113-1-IOcl 113-1-10C2 113-1-10C3 113-1-10C4 113-1-10C5 113-1-IOcG
Rock Type basalt basalt basalt gabbra basalt basalt basalt basalt basalt basalt basait basait

Location UofA OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU

Occurrence gm gm gm vel cor rim rim cor cor rim cor rim

SIO2 37.12 36.78 37.80 39.13 35.68 36.15 38.75 37.85 37.95 38.23 38.30 38.57
HO2 1,52 0.18 0.25 0.08 0.06 b.d. 0.01 0.17 0.05 0.03 0.06 0.07
AI2O3 23.39 25.30 24.02 28.51 20.52 21.99 24.67 22.16 22.38 22.49 24.35 22.43

Fe2 0 / 11.83 11.16 12.38 6.54 17.39 15.48 12.34 15.07 15.28 14,98 13.19 15.41
CfzO; 0.04 b.d. 0.02 0.03 b.d. 0.01 b.d. b.d. 0.01 b.d. 0.01 b.d.
MnO 0.18 0.55 0.46 0.08 b.d. 0.10 0.30 0.11 0.06 0.16 0.26 0.07
MgO 0.13 0.06 0.05 0.13 0.02 b.d. 0.05 0.05 0.02 0.02 0.11 0.01
CaO 23.01 22.49 22.70 22.58 22.96 23.13 23.11 23.24 23.49 23.62 22.96 23.40
Na2 0 b.d. 0.14 0.02 0.09 b.d. 0.02 b.d. b.d. 0.01 0.01 0.03 b.d.
K2O 0.01 0.02 0.02 0.01 0.02 0.01 b.d. 0,01 b.d. 0.01 0.01 0.02
F b.d. 0.10 0.07 b.d. 0.12 0.06 0.09 b.d. b.d. b.d. 0.07 b.d.
Cl b.d. 0.02 0.01 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.02
Total 97.23 96.80 97.80 97.20 96.78 96.97 99.34 98.67 99.26 99.56 99.36 100.00
SI 2.97 2.95 3.00 3.04 2.93 2,94 3.02 3.01 3.00 3.01 3.00 3.02
Al"' 0.03 0.05 0.00 0.00 0.07 0.06 0.00 0.00 0.00 0.00 0.00 0.00
Al'" 2.17 2.34 2.25 2.61 1.92 2.05 2.27 2.08 2.08 2.09 2.24 2.07
Tl 0.09 0.01 0.02 0.01 0.00 - 0.00 0.01 0.00 0.00 0.00 0.00
Cr 0.00 - 0.00 0.00 - 0.00 - - 0.00 ■ 0.00 -
Fe®* 0.71 0.67 0.74 0.38 1.08 0.95 0.72 0.90 0.91 0.89 0.78 0.91
Mn 0.01 0.04 0.03 0.01 - 0.01 0.02 0.01 0.00 0.01 0.02 0.01
Mg 0.02 0.01 0.01 0.02 0.00 - 0.01 0.01 0.00 0.00 0.01 0.00
Ca 1.97 1.93 1.93 1.88 2.02 2.02 1.93 1.98 1.99 1.99 1.93 1,97
Na ■ 0.02 0.00 0.01 - 0.00 - - 0.00 0.00 0.01 -

K 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 - 0.00 0.00 0.00
F - 0.05 0.04 - 0.06 0.03 0.04 - - . 0.04 -

Cl - 0.01 0.00 0.01 0.00 0.01 0.01 0.00 0.00 0.00 0.00 0.01
Ps 0.24 0.22 0.25 0.13 0.35 0.31 0.24 0.30 0.30 0.30 0.26 0,30
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Appendix B2. Epidote A nalyses (continued)
Sample 13-1-10d4 I13-1-10d5 113-1-26a1 113-1-26a2 113-1-26a3 113-1-26b1 113-1-26b2 113-1-26b3 113-1-26b4 113-1-26C1 113-1-26C2 113-1-2603
Rock Type basalt basalt epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte
Location OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU
Occurrence gm gm gm gm gm rim cor cor rim gm gm gm
SIC, 38,23 38.17 38.26 39.59 37.52 37.14 37.56 38.03 36.44 37.46 37.67 38.29
TiOj 0.32 0.04 0.04 0.17 0.04 0.16 0.04 0.19 0.26 0.05 0.11 0.12
AljOj 21.61 23.78 26.83 24.22 23.98 25.14 26.37 26.59 24.09 24.87 25.24 26.07
Fe,0 ,^ 15.95 13.75 9.43 10.87 12.87 11.38 9.68 9.13 12.51 11.63 11.14 9.78
CrjO] 0.01 0.01 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.09 b.d.
MnO 0.04 0.10 0.04 0.01 0.04 0.07 0.12 0.08 0.12 0.16 0.09 0.65
MgO 0.05 0.05 0.03 0.07 0.02 0.02 0.03 0.08 0.07 0.06 0.30 0.06
CaO 23.57 23.51 23.88 22.80 23.50 23.55 23.86 23.63 23,39 23.37 23.29 22.64
Na^O 0.02 0.01 b.d. 0.01 0.04 b.d. 0.02 0.01 0.01 b.d. 0.02 0.02
KjO 0.02 0.02 b.d. 0.01 0.01 b.d. b.d. b.d. 0.01 b.d. b.d. b.d.
F b.d, b.d, b.d. b.d. b.d. 0.04 0.07 0.06 0.07 0.07 0.05 0.19
Cl 0.03 0.02 b.d. 0.05 0.02 0.02 0.04 0.03 0.02 0.01 0.01 0.02
Total 99.85 99.46 98.55 97.80 98.04 97.52 97.79 97.83 96.99 97.68 98.01 97.84
SI 3.01 2.99 2.98 3.11 2.98 2.95 2.96 2.99 2.93 2.98 2.97 3.01
Al"' 0.00 0.01 0.02 0.00 0.02 0.05 0.04 0.01 0.07 0.02 0.03 0.00
Al" 2.01 2.19 2.45 2.24 2.23 2.31 2.41 2.45 2.22 2.30 2.32 2.42
Tl 0.02 0.00 0.00 0.01 0.00 0.01 0.00 0.01 0.02 0.00 0.01 0.01
Cr 0.00 0.00 0.00 - - - - - - - 0.01 -
Fe^ 0.95 0.81 0.55 0.64 0.77 0.68 0.57 0.54 0.76 0.69 0.66 0.58
Mn 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.04
Mg 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.04 0.01
Ca 1.99 1.98 1.99 1.92 2.00 2.01 2.02 1.99 2.02 1.99 1.97 1.91
Na 0.00 0.00 ■ 0.00 0.01 - 0.00 0.00 0.00 - 0.00 0.00
K 0.00 0.00 - 0.00 0.00 - - - 0.00 - - -
F - - - - - 0.02 0.04 0.03 0.04 0.04 0.03 0.10
Cl 0.01 0.01 - 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01
Ps 0.32 0.27 0.18 0.22 0.26 0.22 0.19 0.18 0.25 0.23 0.22 0.19
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Appendix 63. Prehnite Analyses (recalculated on the basis of 22 anhydrous 0)
Sample 
Rock Type 
Location

9 9 -2 -1 0 4  99 -2 -1 0 3  9 9 -2 -1 0 2  99 -2 -101  112 -2 -6 0 5  1 1 2 -2 -6 0 4  112-2-6A 2  
b asa lt basalt basalt basalt gabbro gabbro gabbro  

UofA UofA UofA UofA UofA UofA UofA
S IO 2 4 3 .4 0 43.39 43.53 4 3 .7 2 4 3 .2 0 43 .25 43.01
AI2O3 2 4 .1 6 23.64 23.94 2 4 .0 3 2 4 .4 9 24 .33 2 4 .6 8
MnO 0 .0 7 0.07 0.09 0 .0 7 0 .0 2 0.02 0.01
MgO 0 .0 3 0.02 b.d. 0 .0 2 0 .0 7 0.03 0 .6 8
CaO 2 6 .4 4 26.20 26.30 26 .3 7 2 6 .2 8 25.81 2 6 .1 5
Na20 b.d. 0.01 0.01 0.01 0 .1 4 0.18 0 .0 9
K2O b.d. 0.01 0.04 0 .02 0 .0 2 0.01 0.01
Fe20g^ 0 .6 8 1.04 0.72 0 .6 9 0 .1 0 0.12 0 .0 8
Total 9 4 .7 8 94.38 94.63 94 .93 9 4 .3 2 93.75 94.71

Si 6 .0 2 6.04 6.04 6 .05 6.01 6.04 5 .9 6
Al 3 .9 4 3.88 3.91 3.91 4.01 4.00 4 .0 2
Fe®* 0 .0 7 0.11 0.08 0 .0 7 0.01 0.01 0.01
Mn 0.01 0.01 0.01 0.01 0 .0 0 0.00 0 .0 0
Mg 0.01 0.00 - 0 .0 0 0 .0 2 0.01 0 .1 4
Ca 3 .9 3 3.91 3.91 3.91 3 .9 2 3.86 3 .8 8
Na - 0.00 0.00 0 .0 0 0 .0 4 0.05 0 .0 2
K - 0.00 0.01 0 .0 0 0 .0 0 0.00 0 .0 0
Cations 13 .97 13.96 13.96 13.96 1 4 .0 0 13.97 14 .03

N ote: b.d. =  below detection.



Appendix B4. Olivine Analyses (recalculated on the basis of 4 0)
Sample 82-3-2A1 82-3-2A2 82-3-2A3 82-3-2B1 82-3 282 82-3-283 82-3-2C1 82-3-202 82-3-203 94-1-2E1 94-1-3A1 99-1-21A1 99-1-21A2 99-1-21A3 99-1-21A4 99-1-21C1
Rock Type troctolite troctolite troctolite troctolite troctolite troctolite troctolite troctolite troctolite gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA OSU OSU UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm gm gm cor
SID, 40.03 39.98 39.92 39.92 39.74 40.00 40.01 40.08 39.64 37.72 37.77 37.70 37.86 37.47 37.79 37.53
TIO, b.d. b.d. 0.01 0.05 0.04 0.04 0.01 0.07 0.02 0.02 0.01 0.02 b.d. b.d. 0.03 b.d.
A IA b.d. b.d. b.d. 0.12 0.01 0.02 0.01 b.d. 0.01 b.d. b.d. 0.02 0.01 0.01 0.01 0.01
FeO^ 10.56 10.66 10.79 10.66 10.74 10.81 10.91 10.94 11.06 27.72 28.95 21.04 21.17 21.04 21.18 20.96
MnO 0.11 0.13 0.14 0.17 0.15 0.15 0.18 0.14 0.17 0.41 0.37 0.30 0.30 0.31 0.29 0.29
MgO 49.09 48.72 49.09 48.08 49.18 48.75 48.80 49.03 48.84 35.10 35.38 40.64 40.82 40.73 40.62 40.87
CaO 0.01 0.01 0.03 0.46 0.05 0.02 0.02 0.02 0.03 0.07 0.06 0.04 0.04 0.03 0.04 b.d.
Na%0 b.d. b.d. b.d. 0.03 0.01 0.01 0.01 0.01 b.d. 0.03 0.02 0.01 b.d. b.d. 0.01 b.d.
Total 99.80 99.50 99.98 99.49 99.92 99.80 99.95 100.29 99.77 101.08 102.56 99.77 100.20 99.59 99.97 99.66

SI 0.99 0.99 0.98 0.99 0.98 0.99 0.99 0.99 0.98 1.00 0.99 0.98 0.98 0.98 0.98 0.98
Al - - ■ 0.00 0.00 0.00 0.00 - 0.00 - - 0.00 0.00 0.00 0.00 0.00
Tl - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - - 0.00 -
Fe*" 0.22 0.22 0.22 0.22 0.22 0.22 0.23 0.23 0.23 0.61 0.63 0.46 0.46 0.46 0.46 0.46
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.81 1.80 1.81 1.78 1.81 1.80 1.80 1.80 1.80 1.38 1.38 1.57 1.58 1.58 1.57 1.59
Ca 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 -

Na - - - 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 - - 0.00 -

Cations 3.01 3.01 3.02 3.01 3.02 3.01 3.01 3.01 3.02 3.00 3.01 3.02 3.02 3.02 3.02 3.02
Mg# 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.89 0.69 0.69 0.77 0.77 0.78 0.77 0.78

Notes: b.d, = below detection; gm = groundmass; cor= core; Mg# = Mg / Mg + Fê *.
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Appendix B4. Olivine Analyses (continued)
Sample 99-1-21C2 99-1-21C3 99-1-21C4 105-1-6A2 105-1-601 105-1-602 105-1-603 105-1-604 105-1-21A1 105-1-21A2 105-1-21B1 105-1-21B2 105-1-21D1 105-1-21D2
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro . gabbro gabbro gabbro gabbro
Location UolA UolA UolA OSU OSU OSU OSU OSU UolA UolA UolA UofA UofA UofA
Occurrence cor rim rim gm gm gm inc inc gm gm gm gm gm gm
510% 37,74 37.43 38.04 38.68 38.13 38.94 39.42 39.58 38.42 38.12 38.05 38,34 38,98 36,83
TIO% b.d. b.d. b.d. b.d. 0.01 b.d. 0.03 0.03 b.d, 0.01 0.04 b.d. b.d. b.d.
AI2O3 0.02 0.02 0.01 b.d. b.d. b.d. 0.02 b.d. b.d. 0.01 0.02 b.d. b.d. 0.01
FeO^ 20.69 21.00 21.21 23.06 22.92 22.57 21.61 19.69 20.02 20.01 19.69 19.97 19.83 19.82
MnO 0.29 0.30 0.26 0.31 0.37 0.38 0.38 0.50 0.29 0.27 0.27 0.28 0.29 0.26
MgO 40.91 40.36 41.05 40.58 40.19 40.95 41.24 43.14 41.63 41.21 41.63 41.46 41.77 41.76
CaO 0.04 0.03 0.05 0.01 0.03 0.03 b.d. 0.04 0.03 0.02 b.d. 0.04 0.02 0.01
Na% 0 b.d. b.d. b.d. b.d. 0.02 0.01 0.02 0.01 0.01 b.d. b.d. 0.01 b.d. 0.01
Total 99.69 99.14 100.62 102.65 101.69 102.89 102.70 103.00 100.40 99.65 99.70 100.10 100.27 99.90
SI 0.98 0.98 0.98 0.98 0.98 0.99 0.99 0.99 0.99 0.99 0.98 0.99 0.99 0.98
Al 0.00 0.00 0.00 - - - 0.00 • - 0.00 0.00 - - 0.00
Tl - - - - 0.00 - 0.00 0.00 - 0.00 0.00 - . .
Fe** 0.45 0.46 0.46 0.49 0.49 0.48 0.46 0.41 0.43 0.43 0.43 0.43 0.43 0.43
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Mg 1.58 1.57 1.58 1.54 1.54 1.54 1.55 1.60 1.59 1.59 1.60 1.59 1.60 1.61
Ca 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00 0.00 0.00 • 0.00 0.00 0.00
Na - - - - 0.00 0.00 0.00 0.00 0.00 - - 0.00 ■ 0.00
Cations 3.02 3.02 3.02 3.02 3.02 3.02 3.01 3.01 3.01 3.02 3.02 3.01 • 3.02 3.02
Mg# 0.78 0.77 0.78 0.76 0.76 0.76 0.77 0.80 0.79 0.79 0.79 0.79 0.79 0.79
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Appendix 84
Sample 
Rock Type 
Location 
Occurrence

106-2-1001
gabbro

OSU
gm

106-2-1002 108-2-6A1 
gabbro gabbro 

OSU UolA 
gm cor

108-2-6A2 108-2-6A3 
gabbro gabbro 

UofA UofA 
rim cor

108-2-6A4
gabbro

UofA
rim

108-2-6B1
gabbro

UofA
gm

108-2-6B2
gabbro

UofA
gm

108-2-601
gabbro

UofA
cor

108-2-602 113-2-11A1 
gabbro gabbro 

UofA UofA 
rim gm

113-2-11A2 113-2-11 A3 113-2-11 A4 
gabbro gabbro gabbro 

UofA UofA UofA 
gm gm gm

SiOi 38.17 37.96 38.01 38.13 38.27 38.06 38.10 38.06 38.08 37.96 39.26 39.12 39.09 39.28
n O j b.d, b.d. b.d. 0.01 0.02 0.02 0.02 0.05 0.03 0.01 b.d. 0.04 0.01 0.05
AljOj b.d. 0.02 b.d. b.d. 0.01 b.d. 0.01 0.02 0.01 0.01 0.01 0.02 0.03 0.01
FeO^ 24.84 24.51 19.00 19.35 19.37 19.21 19.25 19.46 19.50 19.47 17.90 17.75 18.03 18.04
MnO 0.36 0.37 0.23 0.22 0.20 0.23 0.25 0.25 0.20 0.26 0.23 0.25 0.27 0.26
MgO 38.58 38.50 41.98 41.64 41.74 41.58 41.70 41.64 41.82 41.90 42.42 42.50 42.26 42.26
CaO 0.03 0.02 0.06 0.01 0.02 0.02 0.04 0.03 0.03 0.02 0.16 0.16 0.13 0.12
N a,0 b.d. b.d. b.d. 0.01 b.d. b.d. 0.01 0.01 0.01 b.d. b.d. b.d. b.d. b.d.
Total 102.00 101.38 99.28 99.37 99.63 99.12 99.38 99.52 99.68 99.63 99.98 99.84 99.82 100.02
SI 0.99 0.99 0.98 0.99 0.99 0.99 0.99 0.98 0.98 0.98 1.00 1.00 1.00 1.00
Al - 0.00 - - 0.00 - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Tl - - - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 ■ 0.00 0.00 0.00
Fe** 0.54 0.53 0.41 0.42 0.42 0.42 0.42 0.42 0.42 0.42 0.38 0.38 0.39 0.38
Mn 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Mg 1.48 1.49 1.62 1.61 1.60 1.61 1.61 1.60 1.61 1.61 1.61 1.62 1.61 1.60
Ca 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Na - - - 0.00 - - 0.00 0.00 0.00 . .

Cations 3.01 3.02 3.02 3.02 3.01 3.01 3.02 3.02 3.02 3.02 3.00 3.00 3.00 3.00
Mg# 0.73 0.74 0.80 0.79 0.79 0.79 0.79 0.79 0.79 0.79 0.81 0.81 0.81 0.81
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Appendix B5. Pyroxene A nalyses (recalculated on the basis  of 6  0 )
Sample 
Rock Type 
Location 
Occurrence

81-2-8C1 81-2-8C2 81-2-8C3 81-2-8C4 81-2-8C5 82-3-8A2 82-3-8A3 82-3-8A4 82-3 882 82-3-883 82-3-8C1 82-3-8C2 82-3-8D1 62-3-8D3 82-3-8D4 90-4-3C1 
basalt basalt basalt basalt basalt gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro 
UofA UofA UofA UofA UofA OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU UofA 

cor rim rim cor rim rim cor rim rim gm cor rim cor cor rim gm
SIOj 53.05 52.67 52.93 53.24 53.18 52.34 52.43 52.03 52.39 52.52 52.34 52.29 51.78 51.42 50.58 53.16
TIG, 0.20 0.17 0.20 0.19 0.15 0.55 0.62 0.75 0.88 0.54 0.63 0.59 0.72 0.50 0.79 0.38
AIzO, 1.97 2.07 2.19 1.50 1.65 2.08 2.35 2.29 2.60 2.55 3.07 2.50 2.66 2.74 3.34 2.06
FeO^ 6.38 5.61 5.73 6.04 5.38 9.56 7.70 7.72 7.96 6.35 6.75 6.16 8.74 6.97 8.28 5.13
CrzO) 0.11 0.33 0.22 0.18 0.24 0.15 0.12 0.03 0.16 0.44 0.21 0.12 0.46 0.47 0.18 0.28
MnO 0.19 0.15 0.17 0.19 0.14 0.20 0.23 0.21 0.23 0.16 0.17 0.16 0.19 0.17 0.22 0.14
MgO 17.10 17.22 17.46 17.41 17.82 19.39 15.49 15.16 15.21 17.21 16.63 16.09 15.74 15.50 15.07 16.87
CaO 20.44 21.02 20.77 21.04 20.62 16.49 21.99 22.21 21.53 20.90 21.11 22.50 20.54 21.89 21.45 21.95
NbjO 0.16 0.16 0.18 0.15 0.16 0.23 0.32 0.33 0.34 0.29 0.32 0.32 0.36 0.35 0.33 0.25
Total 99.60 99.40 99.85 99.94 99.34 100.99 101.25 100.73 101.30 100.96 101.23 100,73 101.19 100.01 100.24 100.22

Si 1.95 1.94 1.94 1.95 1.95 1.90 1.91 1.91 1.91 1.90 1.90 1.91 1.89 1.89 1.87 1.94
Al" 0.05 0.06 0.07 0.05 0.05 0.09 0.09 0.09 0.09 0.10 0.10 0.10 0.11 0.11 0.13 0.06
Al'" 0.04 0.03 0.03 0.01 0.02 0.00 0.01 0.01 0.03 0.01 0.03 0.01 0.01 0.01 0.01 0.03
Fe** 0.20 0.17 0.18 0.18 0.17 0.29 0.24 0.24 0.24 0.19 0.21 0.19 0.27 0.22 0.26 0.16
Mg 0.94 0.94 0.95 0.95 0.98 1.05 0.84 0.83 0.83 0.93 0.90 0.87 0.86 0.85 0.83 0.92
Tl 0.01 0.01 0.01 0.01 0.00 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.01
Cr 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01
Mn 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
Ca 0.81 0.83 0.81 0.83 0.81 0.64 0.86 0.87 0.84 0.81 0.82 0.88 0.80 0.86 0.85 0.86
Na 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.83 0.85 0.84 0.84 0.86 0.78 0.78 0.78 0.77 0.83 0.81 0.82 0.76 0.80 0.76 0.85

Notes: b.d. = below detection; cor= core; gm = groundmass. Mg#= Mg / Mg + Fe^\
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Appendix B5. Pyroxene Analyses (continued)
Sample 9(M-3C2 904-303 904-304 904-3D1 90-4-3D2 90-4-3D3 904-3D4 94-1-1A1 94-1-102 94-1-2B1 94-1-201 94-1-202 94-1-2E2 96-1-29A1 96-1-29A2 96-2-1 El
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro PG/basalt PG/basall basalt
Location UofA UolA UofA UofA UofA UofA UofA OSU OSU OSU OSU OSU OSU OSU OSU OSU
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm gm gm gm
SIO% 52,65 52,90 52,18 52,21 52,44 52,91 53.26 52,32 52,41 51,31 53,30 53,71 52,30 51,67 52,57 51,78
TIG, 0.35 0,34 0.35 0,34 0,33 0,29 0.34 0,41 0,74 0,62 0,13 0,34 0,58 0,58 0,80 0,48
A I A 2,00 2,08 2,06 2,48 2,40 2,16 2,15 1,56 1,83 2,02 0,48 0,82 2,04 3,66 4,94 2,14
FeO^ 5,14 5,01 4,88 4.97 5.13 5,80 5.23 9,06 11,23 10,10 8,00 7,56 7,82 9,09 11,97 9,20
Cr2 0 ; 0,27 0,26 0,26 0,35 0,43 0.34 0,28 0,03 0,02 0,07 0,02 0,06 0,05 0,05 0,04 0,04
MnO 0,16 0,13 0,17 0,15 0,15 0.15 0,14 0,32 0,24 0,21 0,29 0,21 0,23 0,25 0,29 0,14
MgO 16.24 16,51 16,10 16.11 16,35 17,18 16,52 14,72 15,54 16,22 14,79 15,51 14,98 18,54 15,65 16,27
CaO 22,10 22,52 22,96 22,42 22,33 20,64 22,12 21.15 18,14 18,31 22,76 22,54 22,19 17,16 14,54 20,15
Na^O 0,28 0,30 0.29 0,30 0,29 0,28 0,28 0,21 0,27 0,21 0,16 0,18 0,29 0,16 0,20 0,21
Total 99,19 100.05 99,25 99,33 99,85 99,75 100,32 99,78 100,42 99.07 99,93 100,93 100,48 101,16 101,00 100,41

SI 1,94 1,93 1,92 1,92 1.92 1,94 1,94 1,95 1,94 1,92 1,98 1,97 1,93 1,87 1,94 1,90
Al" 0,06 0,07 0,08 0,08 0,08 0,06 0,06 0,05 0,06 0,08 0,02 0,03 0,07 0,13 0,06 0,09
A r 0,03 0,02 0,01 0,03 0,03 0,03 0,04 0,02 0,02 0,01 0,00 0,01 0,02 0,03 0,15 0,00
Fe** 0,16 0,15 0,15 0.15 0,16 0,18 0,16 0,28 0,35 0,32 0,25 0,23 0,24 0,28 0,37 0,28
Mg 0,89 0,90 0,89 0.89 0,89 0,94 0,90 0,82 0,86 0,90 0,82 0,85 0,82 1,00 0,86 0,89
Tl 0.01 0,01 0.01 0,01 0,01 0,01 0,01 0,01 0,02 0.02 0,00 0,01 0,02 0,02 0,02 0,01
Cr 0,01 0.01 0,01 0,01 0,01 0,01 0,01 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00 0,00
Mn 0,01 0,00 0,01 0,01 0.01 0,01 0,00 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,00
Ca 0.87 0,88 0,91 0,89 0,88 0,81 0,87 0,84 0,72 0,73 0,91 0,89 0,88 0,67 0,57 0.79
Na 0.02 0.02 0,02 0,02 0,02 0.02 0,02 0,02 0,02 0,02 0,01 0,01 0,02 0,01 0,01 0,02
Sum 4.00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00
Mg# 0.85 0,85 0,85 0.85 0,85 0,84 0.85 0,74 0,71 0,74 0,77 0,79 0,77 0,78 0,70 0,76
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Appendix B5. Pyroxene A nalyses (continued^
Sample 
Rock Type 
Location 
Occurrence

96-2-1E2 96-2481 96-2401 96-2402 96-2-7A1 96-2-7A2 96-2-781 96-2-782 96-2-783 96-2-784 96-2-701 99-1-21A1 99-1-21A2 99-1-21 A3 99-1-21A4 99-1-2181 
basalt PG/basall PG/basalt PG/basalt basalt basalt basalt basalt basalt basalt basalt gabbro gabbro gabbro gabbro gabbro 
OSU UofA UofA UofA OSU OSU OSU OSU OSU OSU OSU UofA UofA UofA UofA UofA 

9m cor gm gm cor cor cor cor rim rim cor cor rim cor rim qm
810, 50.72 51.33 51.64 52.06 51.39 52,65 51.75 52.16 51.14 52.01 51.87 52.57 51.89 51.44 52.25 51.60
n o , 0.56 0.46 0.39 0.38 0.73 0.40 0.34 0.36 0.60 0.36 0.57 0.57 0.67 0,69 0.59 0.58
AIjO, 2.48 3.38 3.20 3.01 2.96 2.40 2.74 2.42 1.66 2.83 2.84 2.45 2.66 2.53 2.46 2.96
FeO^ 9.56 7.40 7.49 7.73 8.12 6.59 5.34 5.46 12.58 5.30 6.85 7.54 6.23 8.85 6.97 6.25
Cr,0, 0.08 0.03 0.10 0.04 0.11 0.18 0.53 0.28 0.02 0.53 0.33 0.15 0.19 0.51 0.11 0.13
MnO 0.21 0.21 0.20 0.21 0.22 0.15 0.11 0.10 0.40 0.12 0.18 0.18 0.13 0.20 0.20 0.16
MgO 16.01 16.97 18.13 18.53 16.62 17.25 17.39 17.09 12.89 17.40 17.16 18.97 18.81 16,87 17.00 16.32
6 a8 15.55 20.04 18.32 18.17 20.21 21.06 21.39 21.41 21.20 21.12 20.23 18,28 21.71 19.14 20.26 20.82
N a,0 0.22 0.18 0.15 0.16 0.23 0.20 0.19 0.17 0.26 0.20 0.26 0.30 0.38 0.34 0.32 0.37
Total 99.79 100.00 99.62 100.29 100.59 100.88 99.78 99.45 100.75 99.87 100.29 100.11 99.70 100.57 100.16 99.19
Si 1.88 1.88 1.89 1.89 1.88 1.91 1.89 1.92 1.91 1.90 1.89 1.92 1.91 1.88 1.91 1.91
Al"' 0.11 0.12 0.11 0.11 0.12 0.09 0.11 0.08 0.07 0.10 0.11 0.08 0.09 0.11 0.09 0.10
Al" 0.00 0.03 0.03 0.02 0.01 0.01 0.01 0.02 0.00 0.02 0.02 0.03 0.03 0.00 0.02 0,03
Fe'* 0.30 0.23 0.23 0.24 0.25 0.20 0.16 0.17 0.39 0.16 0.21 0.23 0.19 0.27 0.21 0.19
Mg 0.88 0.93 0.99 1.01 0.91 0.93 0.95 0.94 0.72 0.95 0.93 0.98 0.87 0.92 0.93 0.90
n 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.02 0.02 0.02 0.02
Cr 0.00 0.00 0.00 0.00 0.00 0.01 0.02 0.01 0.00 0.02 0.01 0.00 0.01 0.02 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0,01 0.00 0.01 0.01 0.00 0.01 0.01 0.01
Ca 0.79 0.79 0.72 0.71 0.79 0.82 0.84 0.84 0.85 0.83 0.79 0.72 0.86 0.75 0.79 0.82
Na 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.03
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.75 0.80 0.81 0.81 0.79 0.82 0.85 0.85 0,65 0.85 0,82 0.81 0.82 0.77 0,81 0.82
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Appendix B5. Pyroxene Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

99-1-21B2 99-1-21B3 99-1-21C1 
gabbro gabbro gabbro 

UofA UofA UofA 
gm gm cor

99-1-2102 99-1-2103 99-1-2104 99-1-30A1 99-1-30A2 99-1-30A3 99-1-30A4 99-1-30B1 99-1-3082 99-1-30B3 99-1-30B4 99-2-1B1 
gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro basalt 

UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA 
cor rim rim cor cor rim rim cor cor rim rim am

SIO2 51.68 51.89 52.73 52.50 52.15 52.14 52.47 52.02 52.11 51.46 52.25 51.99 52.19 51.70 51.50
TIO; 0.65 0.66 0.57 0.64 0.67 0.56 0.44 0.42 0.50 0.46 0.52 0.62 0.56 0.69 0.67
AI2 O3 2.58 2.49 2.31 2.42 2.51 2.32 2,26 2.20 2.21 2.21 2.52 2.40 2.41 2,53 2.38
FeO^ 6.36 6.06 7.06 7.51 6.33 6.14 5.97 5.85 5.73 6.04 5.92 5.85 6.22 6.01 7,13
CfzO) 0.15 0.05 0.07 0.10 0.10 0.08 0.32 0.49 0.25 0.33 0.07 0.11 0.18 0.17 0.02
MnO 0.17 0.18 0.16 0.18 0.16 0.16 0.18 0.18 0.19 0.16 0.14 0.19 0.16 0.14 0.18
MgO 15.96 15.96 17.36 17.99 16,21 16,23 16.35 16.36 16.30 16.42 16.22 16.03 16.45 16.32 15.52
CaO 21.76 21.72 19.63 18.86 21.90 22.16 21.79 21.64 21.84 21.64 21.79 22.00 21.56 21.70 21.67
NajO 0.37 0.35 0.29 0.30 0.37 0.27 0.29 0.30 0.31 0.32 0.34 0.34 0.33 0.35 0.35
Total 99.68 99.36 100.18 100.50 100.40 100.06 100.07 99.46 99.44 99.04 99.77 99.53 100.06 99.61 99.42

SI 1.90 1.92 1.93 1.91 1.91 1.91 1.92 1.92 1.92 1.90 1.92 1.92 1.91 1.90 1.91
Al" 0.10 0.08 0.07 0.09 0.09 0.09 0.08 0.08 0.08 0.10 0.08 0.08 0.09 0.10 0.09
Al'" 0.02 0.02 0.03 0.01 0.01 0.01 0.02 0.01 0.02 0.00 0.03 0.02 0.02 0.01 0.01
Fe** 0.20 0.19 0.22 0.23 0.19 0.19 0.18 0.18 0.18 0.19 0.18 0.18 0.19 0.19 0.22
Mg 0.88 0.88 0.95 0.98 0.88 0.89 0.89 0.90 0.90 0.91 0.89 0.88 0.90 0.90 0.86
Tl 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01
Ca 0.86 0.86 0.77 0.74 0.86 0.87 0.86 0.86 0.86 0.86 0.86 0.87 0.85 0.86 0.86
Na 0.03 0.03 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.03 0.03
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.82 0.82 0.81 0.81 0.82 0.83 0.83 0.83 0.84 0.83 0.83 0.83 0.83 0,83 0.79
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Appendix B5. Pyroxene Analyses (continued)
Sample 99-2-1B2 99-2-183 99-2-184 99-2-1C2 100-1-39A1 100-1-39A2 100-1-39A3 100-1-39A4 100-1-3981 100-1-3982 100-1-3983 100-1-3984 100-1-3901 100-1-39C2
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm gm
8102 51.37 51.97 51.46 52.43 53.22 52.95 51.96 51.74 51.70 53.09 51.50 52.72 52.32 51.07
1102 0.74 0.66 0.66 0.33 0.52 0.49 0.64 0.85 0,73 0.56 0.96 0.70 0.74 1.13
AI2O3 2.55 2.42 2.22 1,61 1.69 1.58 2.39 1.65 3.15 1.63 2.01 1.36 2.58 2.47
FeO^ 6.80 7.69 7.44 7.04 8.41 8.74 8.74 14.12 6.60 9.56 13.81 13.76 8.77 11,24
Cr20j 0.04 0.04 0.04 b.d. 0.13 0.07 0.18 b.d. 0.51 0.04 b.d. b.d. 0.05 0.02
MnO 0.21 0.18 0.22 0.16 0.28 0.22 0.23 0.40 0.15 0.25 0.35 0.34 0.22 0.23
MgO 15.47 15.67 15.96 15.87 18.51 18.51 18.42 16.89 16.92 18.32 16.36 18.11 17.42 15,55
CaO 21.77 21.50 21.18 21.92 17.23 17.31 16.93 14.49 20.03 16.83 15.14 13.39 18.33 18.35
N82O 0.28 0.38 0.30 0,20 0.23 0.21 0.26 0.21 0.22 0.20 0.28 0.24 0.22 0.35
Total 99.23 100.51 99.48 99.56 100.22 100.08 99.75 100.35 100.01 100.48 100.41 100.62 100.65 100.41

SI 1.91 1.91 1.91 1.94 1.95 1.94 1.91 1.92 1.90 1.94 1.92 1.94 1.91 1.89
A r 0.09 0.09 0.10 0.06 0.06 0.06 0.09 0,07 0.11 0.06 0.09 0.06 0.09 0,11
A r 0.02 0.01 0.00 0,01 0.02 0.01 0.01 0.00 0.03 0.01 0.00 0.00 0.02 0.00
Fe** 0.21 0.24 0.23 0.22 0.26 0.27 0.27 0,44 0,20 0.29 0.43 0.42 0.27 0.35
Mg 0.86 0.86 0.88 0.88 1.01 1.01 1.01 0.94 0.93 1.00 0.91 1.00 0.95 0.86
Tl 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.03 0.02 0.02 0.03
Cr 0.00 0.00 0.00 - 0.00 0.00 0.01 - 0.02 0.00 - - 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0,01 0,01 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.87 0.85 0.84 0.87 0.68 0.68 0.67 0.58 0,79 0,66 0.60 0.53 0.72 0.73
Na 0.02 0.03 0.02 0,01 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.02 0.03
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.80 0.78 0.79 0.80 0.80 0.79 0.79 0.68 0.82 0.77 0.68 0.70 0.78 0.71
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Appendix B5. Pyroxene Analyses (continued)
Sample 10M-2A1 101-1-2A2 101-1-2A3 101-1-2A4 10M-2A5 101-1-2A6 10M-2B1 101-1-282 101-1-283 101-1-284 101-1-285 101-1-286 101-1-24A1 101-1-24A2
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm gm
SIO2 52,63 52,01 52,25 50,80 52,25 52,05 52,09 50,91 50,73 51,29 50,58 50,21 51,81 52,04
TIO; 0.41 0,57 0,49 0,92 0,61 0,52 0,57 0,82 0,84 0,65 0,91 1,06 0,55 0,59
AljOj 2,39 2,33 2,42 2,52 1,97 2,26 2,32 2,80 3,24 2,58 2,46 2,99 1,95 2,15
FeO^ 6,82 8,23 6,88 11,96 9,49 8,55 8,43 10,24 9,35 8,82 13,36 12,23 8,30 8,59
CrjOs 0,15 0,09 0,14 b,d. 0,01 0,04 0,07 0,03 0,05 0,02 b,d. b,d. 0,04 0,06
MnO 0,16 0,20 0,17 0,28 0,26 0,19 0,20 0,19 0,18 0,20 0,35 0,34 0,21 0,22
MgO 17,05 16,36 17,02 14,34 16,42 16,52 16,37 15,37 15,80 15,89 15,18 14,70 16,67 16,95
CaO 20,50 19,92 20,10 18,78 18,94 19,57 19,90 19,42 19,20 19,68 16,58 18,45 19,72 18,86
Na,0 0,20 0,22 0,20 0,29 0,26 0,20 0,27 0,23 0,22 0,23 0,23 0,30 0,22 0,20
Total 100,31 99,93 99,67 99,89 100,21 99,90 100,22 100,01 99,61 99,36 99,65 100,28 99,47 99,66

Si 1,92 1,92 1,92 1,90 1,93 1,92 1,92 1,89 1,88 1,91 1,90 1,87 1,92 1,92
Al" 0,08 0,08 0,08 0,10 0,07 0,08 0,08 0,11 0,12 0,09 0,10 0,13 0,08 0,08
A r 0,03 0,02 0,03 0,02 0,01 0,02 0,02 0,01 0,03 0,02 0,01 0,00 0,00 0,02
Fe** 0,21 0,25 0,21 0,38 0,29 0,26 0,26 0,32 0,29 0,27 0,42 0,38 0,26 0,27
Mg 0,93 0,90 0,93 0,80 0,90 0,91 0,90 0,85 0,87 0,88 0,85 0,82 0,92 0,93
Tl 0,01 0,02 0,01 0,03 0,02 0,01 0,02 0,02 0,02 0,02 0,03 0,03 0,02 0,02
Cr 0,00 0,00 0,00 - 0,00 0,00 0,00 0,00 0,00 0,00 - - 0,00 0,00
Mn 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
Ca 0,80 0,79 0,79 0,75 0,75 0,77 0,78 0,77 0,76 0,78 0,67 0,74 0.76 0.75
Na 0,01 0,02 0,01 0,02 0,02 0,01 0,02 0,02 0,02 0,02 0,02 0,02 0,02 0,01
Sum 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00
Mg# 0,82 0,78 0,82 0,68 0,76 0,77 0,76 0,73 0,75 0,76 0,67 0,68 0,78 0,78
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Appendix B5. Pyroxene Analyses (continued)
Sample 101-1-24A3 101-1-24A4 101-1-24A5 101-1-24A6 10M-24B1 101-1-24B2 101-1-24B3 101-1-24B4 101-1-2401 101-1-2402 101-1-2403 105-1-6A1 105-1-6A3
Rock Type basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt gabbra gabbra
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA OSU OSU
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm
SI0 2 51.64 51.76 52.00 51.22 52.09 51.60 51.27 50.54 51.88 51.26 51.68 51.43 51.84
TIO2 0.63 0.55 0.59 0.70 0.48 0.68 0.68 0.98 0.60 0.74 0.66 0.58 0.54
AiiO, 2.35 2.09 2.29 2.94 2.30 3.01 2.53 2.63 2.42 2.65 2.43 2.96 2.85
FeO^ 8.54 8.23 8.74 8.86 6.53 8.25 8,93 12.71 8.50 9.13 8.70 6.50 6.60
Cr2 0 3 0.07 0.05 0.08 0.14 0.17 0.11 0.01 0.04 0.09 0.05 0.05 0.42 0.37
MnO 0.21 0.20 0.25 0.24 0.19 0.21 0.19 0.34 0.26 0.24 0.19 0.15 0.16
MgO 16,68 16.55 16.80 16.55 17.38 16.74 16.02 14.63 16.97 16.15 16.53 15.66 16.16
CaO 19.48 19.89 18.71 18.95 20.17 19.34 19.54 17.83 19.36 19.29 19.28 22.30 22.35
NajO 0,21 0.24 0.26 0.24 0.25 0.26 0.23 0.21 0.20 0.28 0.25 0.44 0.44
Total 99.81 99.56 99.72 99.84 99.56 100.20 99.40 99.91 100.28 99.79 99.77 100.44 101.31

SI 1.91 1.91 1.92 1.89 1.91 1.89 1.91 1.90 1.90 1.90 1.91 1.88 1.88
Ar 0.09 0.09 0.08 0.11 0.09 0.11 0.10 0.10 0.10 0.10 0.09 0.12 0.12
Ar 0.01 0.01 0.02 0.02 0.01 0.02 0.02 0.01 0.01 0.01 0.01 0.01 0.00
Fe'* 0.26 0.26 0.27 0.27 0.20 0.25 0.28 0.40 0.26 0.28 0.27 0.20 0.20
Mg 0.92 0,91 0.93 0.91 0.95 0.92 0.89 0.82 0.93 0.89 0.91 0.85 0.87
Tl 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.03 0.02 0.02 0.02 0.02 0.02
Cr 0,00 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Mn 0,01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.77 0.79 0.74 0.75 0.79 0.76 0.78 0.72 0.76 0.77 0.76 0.67 0.87
Na 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.02 0.02 0.03 0.03
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.78 0.78 0.77 0.77 0.83 0.78 0.76 0.67 0.78 0.76 0.77 0.81 0.81

230



Appendix B5. Pyroxene A nalyses (continued)
Sample 
Rock Type 
Location 
Occurrence

105-1-6B2 105-1-6D1 105-1-6D2 105-1-6D3 105-1-8(b)B2 105-1-8(b)B3 105-1-21A1 105-1-21B1 105-1-21B2 105-1-21B3 105-1-21B4 105-1-21G1 105-1-21C2 
gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro 

OSU OSU OSU OSU OSU OSU UofA UofA UofA UofA UofA UofA UofA 
9m rim cor cor cor rim gm cor rim cor rim cor rim

SIC, 51.95 51.95 51.61 52.63 51.20 52.75 50.83 51.58 51.72 51.39 51.51 51.04 50.85
TiOj 0.68 0.48 0.62 0.48 0.63 0.75 0.94 0.57 0.50 0.59 0.48 0.76 0.73
AI2OJ 2.79 2.48 3.03 2.41 2.68 4.39 3.13 3.20 2.82 2.94 2.84 3.21 2.85
FeO^ 6.79 6.50 6.15 6.49 5.55 5.34 5.73 5.43 5.43 5.56 5.36 5.51 5.42

0.12 0.16 0.32 0.15 0.29 0.25 0.44 0.38 0.34 0.36 0.36 0.56 0.24
MnO 0.17 0.20 0.16 0.17 0.19 0.11 0.17 0.15 0.14 0.15 0.16 0.17 0.14
MgO 16.29 15.75 15.49 16.05 15.76 15.31 15.65 15.62 15.80 15.96 16.03 15.58 15.82
CaO 21.86 22.42 22.67 22.60 22.47 21.03 22.18 22.54 22.32 21.96 22.15 22.10 22.51
Na% 0 0.44 0.43 0.45 0.38 0.32 0.52 0.44 0.41 0.41 0.43 0.38 0.50 0.45
Total 101.09 100.37 100.50 101.36 99.09 100.45 99.51 99.88 99.48 99.34 99.27 99.43 99.01

SI 1.89 1.90 1.89 1.91 1.90 1.93 1.88 1.89 1.91 1.89 1.90 1.88 1.88
Al"' 0.12 0.10 0.11 0.09 0.11 0.08 0.13 0.11 0.10 0.11 0.10 0.12 0.12
A r 0.00 0.01 0.02 0.01 0.01 0.11 0.01 0.03 0.03 0.02 0.02 0.02 0.00
Fe'* 0.21 0.20 0.19 0.20 0.17 0.16 0.18 0.17 0.17 0.17 0.17 0.17 0.17
Mg 0.88 0.86 0.84 0.87 0.87 0.83 0.86 0.86 0.87 0.88 0.88 0.86 0.87
Tl 0.02 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.01 0.02 0.01 0.02 0.02
Cr 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01
Mn 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01 0.00
Ca 0.85 0.88 0.89 0.88 0.89 0.82 0.88 0.89 0.88 0.87 0.88 0.87 0.89
Na 0.03 0.03 0.03 0.03 0.02 0.04 0.03 0.03 0.03 0.03 0.03 0.04 0.03
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.81 0.81 0.82 0.81 0.83 0.84 0.83 0.84 0.84 0.84 0.84 0.83 0.84
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Appendix B5. Pyroxene Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

105-1-25A1
gabbro

OSU
rim

105-1-25A2 105-1-25B1 
gabbro gabbro 

OSU OSU 
cor cor

105-1-25B2 105-1-2501 
gabbro gabbro 

OSU OSU 
rim cor

105-1-25C2 105-1-25D2 105-1-25D3 105-3-6a1 
gabbro gabbro gabbro basalt 

OSU OSU OSU OSU 
cor rim cor cor

105-3-6a2 105-3-6a3 105-3-6a4 105-3-6a5 105-3-6b1 
basait basait basait basalt basalt 
OSU OSU OSU OSU OSU 

rim gm cor rim cor
SIOz 51.82 51,47 51,07 53,63 51,87 51,86 52,05 51,87 52,47 51,58 52,71 52,80 50.76 52,54
TiOz 0.55 0,58 0,52 0,03 0,47 0,49 0,50 0,58 0,22 0,44 0,30 0,32 0.56 0,31
AlzOa 2.65 2,86 3,32 0,64 2,45 3,12 2,43 2,59 2,83 2,80 2,56 2,00 3.49 2,57
FeO^ 6.65 6,96 6,55 4,71 6,46 6,10 6.53 5,97 5,41 10,83 6,46 7,86 11.65 6,98
CrzOz 0.13 0,16 0,14 0,10 0,11 0,16 0,09 0,12 0,18 b.d. 0,05 0,02 0.01 0,10
MnO 0.19 0,19 0.20 0,20 0,17 0,11 0,17 0,20 0,15 0,25 0,16 0,21 0.24 0,18
MgO 15.91 15,76 16,45 16,67 15,91 16,03 15,93 15,32 16,97 16,10 17,20 16,83 14,75 17,01
CaO 22.64 22.20 20.97 23,41 22,51 22,48 22,49 23,07 22,20 18,90 21,57 20,75 19,60 21,54
NazO 0.36 0.42 0,32 0,10 0,33 0,35 0,35 0,35 0,16 0,20 0,17 0,18 0,25 0,17
Total 100.90 100.60 99,54 99,49 100,28 100,70 100,54 100,07 100,59 101,10 101,18 100,97 101,31 101,40

SI 1.89 1.88 1,88 1,97 1,90 1,89 1,90 1,91 1,91 1,89 1.91 1,92 1,67 1,90
A f 0.11 0,12 0,12 0,03 0,10 0,11 0,10 0,09 0,10 0,11 0.09 0,08 0,13 0,10
Al" 0.00 0,00 0,02 0,00 0,01 0,02 0,01 0,02 0,03 0,01 0.02 0,01 0,02 0,01
Fe*" 0.20 0,21 0,20 0,15 0,20 0,19 0,20 0,18 0,16 0,33 0.20 0,24 0,36 0,21
Mg 0.86 0,86 0,90 0,91 0,87 0,87 0,87 0,84 0,92 0,88 0,93 0,91 0,81 0,92
Tl 0.02 0,02 0,01 0,00 0,01 0,01 0,01 0,02 0,01 0,01 0,01 0,01 0,02 0,01
Cr 0,00 0,01 0,00 0,00 0,00 0,01 0,00 0,00 0,01 - 0,00 0,00 0,00 0,00
Mn 0,01 0,01 0,01 0,01 0,01 0,00 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01
Ca 0,88 0,87 0,83 0,92 0,88 0,88 0,88 0,91 0,86 0,74 0,84 0,81 0,77 0,83
Na 0,03 0,03 0,02 0,01 0,02 0,03 0,03 0,03 0,01 0,01 0,01 0,01 0,02 0,01
Sum 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4.00 4,00
Mg# 0,81 0,80 0,82 0,86 0,81 0,82 0,81 0,82 0,85 0,73 0,83 0,79 0,69 0,81
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Appendix B5. Pyroxene Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

105-3-6b2 105-3-6b3 105-3-6b4 105-3-601 
basalt basalt basalt basalt 
OSU OSU OSU OSU 

rim cor rim cor

105-3-602
basalt
OSU

rim

105-3-6C3
basalt
OSU

cor

105-3-6C4
basalt
OSU

cor

105-3-6C5 105-3-6D1
basalt basalt 
OSU OSU 

rim cor

105-3-6D2 106-2-5C1 
basalt gabbro 
OSU OSU 

gm gm

106-2-5C2 106-2-10A2 106-2-10A3 
gabbro gabbro gabbro 

OSU OSU OSU 
gm cor rim

SiOj 52.49 52.64 52.42 51.76 52.42 52,76 52.88 52.81 51.97 52.14 52.40 52.85 52.70 53.37
TIO; 0,32 0.29 0.33 0.33 0.34 0.28 0.26 0.32 0.41 0.30 0.05 0.12 0.24 0.16
AI2O3 2.49 2.18 2.47 2.68 2.73 2.76 2.10 2.67 2.96 2.94 0.55 0.65 1.53 1.25
FeO^ 7.26 7.51 7.72 7.49 7.00 6.45 7.05 7.09 8.78 6.61 8.39 8.34 5.72 5.71

0.09 0.05 0.06 0.09 0.10 0.09 0.04 0.04 0.03 0.07 0.01 0.02 b.d. 0.02
MnO 0.21 0.20 0.15 0.15 0.16 0.14 0.17 0.14 0.21 0.16 0.37 0.36 0.16 0.17
MgO 16.62 16.64 16.44 16.04 16.82 16.85 16.87 16.66 16.14 16.97 13.51 13.92 15.86 15.98
CaO 21.49 21.04 21.30 21.40 21.24 21,77 21,16 21,28 20.19 21.34 24,05 23.63 23.90 23.81
NbiO 0.18 0.18 0.22 0.17 0.18 0.18 0.19 0.18 0.19 0.17 0.21 0.10 0.08 0.11
Total 101.15 100.73 101.11 100.11 100.99 101.28 100.72 101,19 100.88 100.70 99.54 99.99 100.19 100.58

SI 1.91 1.92 1.91 1.90 1.90 1.91 1.93 1.92 1.90 1.90 1.96 1.97 1.93 1.95
Al"̂ 0.09 0.08 0.09 0.10 0.10 0.09 0.07 0.08 0.10 0.11 0.02 0.03 0.07 0.05
Al'" 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.03 0.03 0.02 0.00 0.00 0.00 0.00
Fe** 0.22 0.23 0.24 0.23 0.21 0.20 0.21 0.22 0.27 0.20 0.26 0.26 0.18 0.18
Mg 0.90 0.91 0.89 0.88 0.91 0.91 0.92 0.90 0.88 0.92 0.76 0.77 0.87 0.87
Tl 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.00
Cr 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 - 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01
Ca 0.84 0.82 0.83 0.84 0.83 0.84 0.83 0.83 0.79 0.83 0.97 0.94 0.94 0.93
Na 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.80 0.80 0.79 0.79 0.81 0.82 0.81 0.81 0.77 0.82 0.74 0.75 0.83 0.83
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Appendix B5. Pyroxene Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

106-2-10E1
gabbro

OSU
gm

106-2-10E2
gabbro

OSU
gm

108-1-6A1
gabbro

UofA
cor

108-1-6A2 108-1-6A3 108-1-6A4 108-1-6A5 108-1-6B1 
gabbro gabbro gabbro gabbro gabbro 

UofA UofA UofA UofA UofA 
rim cor gm rim cor

108-1-6B3
gabbro

UofA
cor

108-1-601
gabbro

UofA
cor

108-1-602
gabbro

UofA
rim

108-2-6A1
gabbro

UofA
rim

108-2-6A2
gabbro

UofA
cor

108-2-6B1
gabbro

UofA
cor

SiOj 51.73 52.14 53.02 52.37 53.24 52.59 53.04 52.99 52.28 52.55 52.67 52.44 52.10 52.26
TIO2 0,49 0.32 0.15 0.23 0,30 0.20 0.15 0.26 0.25 0.24 0.27 0.25 0,20 0.31
AI2O3 2.13 2.35 1.44 2.55 1.82 2.52 1.38 2.19 2.48 2.20 1.80 2.43 2.60 2.59
FeO^ 8.18 6.64 4.97 5.10 5.05 5.09 4.82 5.37 4.56 5.07 4.79 6.40 5.68 5.55

b.d. 0.02 0.07 0.12 0.13 0.10 0.04 0.08 0.05 0.02 0.06 0.33 0,33 0.31
MnO 0.22 0,17 0.15 0.15 0.11 0.09 0.13 0.13 0.12 0.11 0.11 0.19 0.17 0.16
MgO 15.46 15.58 16.25 16.41 16.68 16.51 16.67 16.76 16.43 16.51 16.25 17.63 16.88 16.39
CaO 21.93 22.99 22.92 22.19 22.53 22.42 22.87 22.04 23.11 22.38 23.24 19.96 21.40 22.08
N320 0.27 0.13 0.07 0.14 0,15 0.16 0.08 0.13 0.11 0.16 0.14 0.20 0.23 0,22
Total 100.41 100.34 99.04 99.26 100.01 99.68 99.18 99.95 99.39 99.24 99.33 99.83 99.59 99.87
SI 1.90 1.91 1.96 1.93 1.95 1.93 1.96 1.94 1.92 1.94 1.94 1.92 1,91 1.92
Al"' 0.09 0.09 0.04 0.07 0.05 0.07 0.04 0.06 0.08 0.06 0.06 0.08 0.09 0.08
Al" 0.00 0.02 0.03 0.04 0.03 0.04 0.02 0.03 0.03 0.03 0.02 0.02 0.02 0.03
Fe'* 0.25 0.20 0.15 0.16 0.16 0.16 0.15 0.16 0.14 0.16 0.15 0.20 0.17 0.17
Mg 0.85 0.85 0.90 0.90 0.91 0.90 0.92 0.92 0.90 0.91 0.89 0,96 0,92 0.90
Tl 0.01 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cr - 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Mn 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01
Ca 0.87 0.90 0.91 0.88 0,88 0.88 0.90 0.86 0.91 0.88 0.92 0.78 0.84 0.87
Na 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.77 0.81 0.85 0.85 0.85 0.85 0.86 0.85 0.87 0.85 0.86 0.83 0.84 0.84
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Sample 
Rock Type 
Location 
Occurrence

108-2-6B2
gabbro

UofA
rim

108-2-6C1
gabbro

UofA
cor

1082-602
gabbro

UofA
rim

110-1-5AB1
basalt
UofA

gm

110-1-5AB2
basait
UofA

gm

110-1-5AB3
basait
UofA

gm

110-1-5AB4
basalt
UofA

gm

110-1-5AB5
basalt
UofA

gm

110-1-5AB6
basalt
UofA

rim

110-1-5AB7
basalt
UolA

rim

110-1-5AC1
basalt
UofA

gm

110-1-5AC2
basalt
UofA

gm

110-1-5AC3
basalt
UofA

gm
SiOj 52.41 52.30 52.33 47.94 48.61 49.05 49.60 48.55 52.13 51.56 48.29 49.83 48.26
TIG; 0,29 0.29 0.25 1.76 1.55 1.74 1.49 1.62 0.04 0.02 1.89 1.10 1.67
AljOj 2.51 2.67 2.46 5.53 5.12 4.00 3.56 4.93 0.83 1.23 4.87 3.25 5.45
FeO^ 5.34 5.44 5.32 10.56 10.08 11.64 11.79 11.86 15.13 14.69 11.61 13.16 10.91
CrjOj 0.29 0.35 0.33 0.18 0.16 0.23 0.08 0.24 0.04 0.01 0.24 0.10 0.14
MnO 0.15 0.15 0.15 0.21 0.20 0.23 0.28 0.25 0.63 0.52 0.23 0.26 0.21
MgO 16.53 16.79 16.48 13.05 13.26 13.33 14.22 13.41 9.08 9.06 13.03 14.04 13.24
CaO 22.16 21.68 22.26 20.26 20.73 19.43 18.69 19.45 21.92 22.79 19.30 17.96 19.83
Na^O 0.18 0.23 0.21 0.30 0.30 0.33 0.34 0.34 0.22 0.32 0.38 0.30 0.32
Total 99.86 99.90 99.79 99.79 100.01 99.98 100.05 100.65 100.02 100.20 99.84 100.00 100.03
SI 1.92 1.91 1.92 1.80 1.82 1.84 1.86 1.81 2.01 1.98 1.82 1.87 1,81
A r 0.08 0.09 0.08 0.20 0.18 0.16 0.15 0.19 0.00 0.02 0.18 0.13 0.20
A r 0.03 0.03 0.03 0.04 0.04 0.02 0.01 0.03 0.04 0.03 0.03 0.01 0.05
Fe'* 0.16 0.17 0.16 0.33 0.32 0.37 0.37 0.37 0.49 0.47 0.37 0.41 0.34
Mg 0.90 0.92 0.90 0.73 0.74 0.75 0.79 0.75 0.52 0.52 0.73 0.79 0.74
Tl 0.01 0.01 0.01 0.05 0.04 0.05 0.04 0.05 0.00 0.00 0.05 0.03 0.05
Cr 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.00
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.01 0.01
Ca 0.87 0.85 0.88 0.81 0.83 0.78 0.75 0.78 0.91 0.94 0.78 0.72 0.80
Na 0.01 0.02 0.02 0.02 0.02 0.02 0.03 0.03 0.02 0.02 0.03 0.02 0.02
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.85 0.85 0.85 0.69 0.70 0.67 0.68 0.67 0.52 0.52 0.67 0.66 0.68
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Appendix B5. Pyroxene Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

110-1-5AC4
basal!
UolA

gm

110-1-5AC5
basalt
UolA

rim

110-1-5AC6
basalt
UolA

rim

110-1-5AC7 110-1-25D1 
basalt basalt 
UofA UofA 

rim gm

110-1-25D2 110-1-25D3 110-1-25D4 
basalt basalt basalt 
UofA UofA UofA 

gm gm gm

111-4-3C3
gabbro

OSU
cor

111-4-6B1
gabbro

UofA
gm

111-4-6B3
gabbro

UofA
gm

111-4-6B4
gabbro

UofA
gm

111-4-6C2
gabbro

UofA
gm

111-4-6C3
gabbro

UofA
gm

SIO2 49,29 49.52 49.04 48.98 52.95 52.19 51.57 53.23 52.03 52,95 53.41 52.62 53.20 53.59
TIG, 1,32 1.35 1.41 1.50 0.34 0.45 0.57 0.35 0.29 0.16 0.12 0.19 0.16 0.05
AijOj 4,48 2.71 2.44 2.79 1.98 2.68 3.41 1.88 2.20 0.70 0.50 0.82 0.67 0.33
FeO^ 10,71 16.83 17.82 17.22 6.38 6.14 6.47 6.61 5.72 8.62 8.77 9.26 9.33 8.42
CfgO, 0.13 0.05 b.d. b.d. 0.43 0.60 0.68 0.36 0.02 b.d. 0.02 0.03 0.01 0.01
MnO 0,19 0.41 0.48 0.38 0.16 0.14 0.16 0.20 0.17 0.25 0.30 0.31 0.29 0.33
MgO 13,23 11.99 10.68 10.47 18.89 17.47 17.21 18.33 16.07 14,42 14.50 14.31 14.32 13.95
CaO 20,32 16.99 17.78 18.58 18.85 20.16 19.82 18.49 22.77 22,54 22.40 22.21 21.73 23.24
Na%0 0,33 0.26 0.33 0.28 0.20 0.25 0.24 0.19 0,24 0,15 0.18 0.17 0.27 0.18
Total 100,00 100.11 99.98 100.20 100.18 100.08 100.13 99.64 99,51 99,79 100.20 99.92 99.98 100.10

SI 1,84 1.89 1,89 1.88 1.92 1.91 1.89 1.95 1.92 1.98 1.98 1.96 1.98 2.00
Al"̂ 0.16 0.11 0.11 0.12 0.08 0.09 0.12 0.05 0.08 0.03 0.02 0.04 0.02 0.00
Al" 0,04 0.01 0.00 0.01 0,01 0.02 0.03 0.03 0.01 0.01 0.01 0.00 0.01 0.01
Fe** 0,34 0.54 0.57 0.55 0.19 0.19 0.20 0,20 0.18 0,27 0.27 0.29 0.29 0,26
Mg 0,74 0.68 0,61 0.60 1.02 0.95 0.94 1.00 0.88 0,80 0.80 0.80 0.80 0.78
Tl 0.04 0.04 0,04 0.04 0,01 0.01 0.02 0.01 0.01 0.00 0.00 0.01 0.00 0.00
Cr 0.00 0.00 - - 0,01 0.02 0.02 0.01 0,00 - 0.00 0.00 0.00 0.00
Mn 0.01 0.01 0,02 0.01 0.01 0.00 0.01 0.01 0,01 0.01 0.01 0.01 0.01 0.01
Ca 0.82 0.70 0.73 0.76 0.73 0.79 0.78 0.73 0,90 0,90 0.89 0.89 0.87 0.93
Na 0.02 0.02 0.03 0.02 0.01 0.02 0.02 0.01 0,02 0.01 0.01 0.01 0.02 0.01
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4,00 4.00 4.00 4.00 4.00 4.00
Mg# 0.69 0.56 0.52 0.52 0.84 0.83 0.83 0.83 0,83 0.75 0.75 0.73 0.73 0.75
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Appendix B5. Pyroxene Analyses (continued)
Sample 112-2-1A1 112-2-1A2 112-2-1 A3 112-2-1A4 112-2-1C1 112-2-1C10 112-2-1C2 112-2-1C3 112-2-1C4 112-2-1C5 112-2-1C6 112-2-1C7 112-2-1C8 112-2-1C9
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm rim gm gm gm gm gm cor rim cor
SIO2 53,40 53,19 52,87 53,90 52,84 52.94 52.93 52,60 52,27 51,93 52,02 54.28 52.31 55.12
TiOî 0,22 0,24 0,31 0,14 0,27 b,d. 0,29 0,28 0,34 0,43 0,43 0.04 b.d. 0.03
AljOs 2,40 2,48 2,48 1,33 3,12 0,58 3,09 3,04 3,36 3,72 3,77 0,30 0.66 0.20
FeO^ 3.70 3,71 3,68 3,33 3,60 8,86 3,64 3,61 3,44 3,44 3,43 3,20 11.55 2.73
CrjOj 0,54 0,46 0,46 0,32 0,42 0,18 0,45 0,49 0,42 0.53 0,56 0,11 0.06 0.11
MnO 0,14 0,11 0,13 0,10 0,11 0,58 0,10 0,16 0,09 0,11 0.10 0,13 0.73 0.12
MgO 17,21 17,13 16,96 17,18 17,02 12,53 17,10 17,23 16,82 16,78 16,82 17,05 10.81 17.57
CaO 22,62 22,73 22,68 23,59 22,33 24,07 22,57 22,40 22,92 22,68 22,63 24,96 24.39 24.99
N%0 0,29 0,35 0,31 0,16 0,28 0,14 0,31 0,30 0,24 0,24 0,25 0,09 0.11 0.07
Total 100,52 100,40 99,88 100,05 99,99 99,88 100,48 100,11 99,90 99,86 100,01 100.16 100.62 100.94

SI 1,93 1,93 1,93 1,96 1,92 1,99 1,92 1,91 1,90 1,89 1,89 1.98 1,98 1.99
AI" 0,07 0,07 0,07 0,04 0,08 0,01 0,09 0,09 0,10 0,11 0,11 0.01 0,02 0.01
Al" 0,04 0,03 0,03 0,02 0,06 0,02 0,05 0,04 0,05 0,05 0,05 0.00 0,01 0.00
Fe*" 0.11 0,11 0,11 0,10 0,11 0,28 0,11 0,11 0,11 0,10 0,10 0.10 0,37 0.08
Mg 0,93 0.93 0,92 0,93 0,92 0,70 0,92 0,93 0,91 0,91 0,91 0.93 0,61 0,94
Tl 0,01 0,01 0,01 0.00 0,01 - 0,01 0,01 0,01 0,01 0,01 0.00 . 0,00
Cr 0.02 0,01 0,01 0.01 0,01 0,01 0,01 0,01 0,01 0,02 0.02 0.00 0,00 0,00
Mn 0,00 0,00 0,00 0,00 0,00 0,02 0,00 0,01 0,00 0.00 0.00 0.00 0,02 0,00
Ca 0,88 0.88 0,89 0,92 0,87 0.97 0,88 0,87 0,89 0,89 0,88 0.97 0,99 0,97
Na 0,02 0,03 0.02 0,01 0,02 0,01 0,02 0,02 0,02 0,02 0.02 0.01 0,01 0,01
Sum 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4,00 4.00 4.00 4,00 4.00
Mg# 0,89 0,89 0,89 0,90 0,89 0.72 0,89 0,89 0,90 0,90 0.90 0.91 0.63 0.92
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Appendix B5. Pyroxene Analyses (continued)
Sample 112-2-6A1 112-2-6A2 112-2-6B1 112-2-6B2 112-2-601 112-2-6C2 113-1-3A4 113-1-3B1 113-1-3B2 113-1-3B3 113-1-3D1 113-1-3D2 113-1-3D3 113-1-10a1
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro basalt basalt basalt basalt basalt basalt basalt basalt
Location UolA UofA UofA UofA UofA UofA OSU OSU OSU OSU OSU OSU OSU OSU
Occurrence gm gm gm gm gm gm rim cor rim cor cor rim cor gm
SID} 53.27 53.36 53.90 53.22 53.44 52.92 52.51 52.64 52.56 52.37 53.29 53.84 52.70 51.26
TIO; 0,36 0.37 0.28 0.40 0.24 0.39 0.13 0.15 0.13 0.19 0.10 0.07 0.11 0.67
AlrO) 2.66 2.42 1.99 2.30 1.96 2.67 1.37 2.53 1.99 2.01 2.06 1.38 2.10 3.53
FeO^ 3.78 3.56 3.83 3.97 3.65 4.17 9.76 6.64 6.25 13.69 4.68 4.85 4.58 7.92
CrjOj 0.40 0.45 0.35 0.40 0.39 0.45 b.d. 0.62 0.26 0.01 0.71 0.62 0.86 b.d.
MnO 0.11 0.11 0,11 0.12 0.12 0.11 0.26 0.19 0.15 0.44 0.13 0.16 0.13 0.26
MgO 16.56 16.26 16.68 16.33 16.37 17.09 18.21 18.68 18.25 16.53 18.80 19.57 18.44 16.71
CaO 22.37 22.92 22.90 22.63 23.28 21.17 16.86 18.57 19.93 14.95 20.27 19.71 20.44 20.09
N a,0 0.26 0.29 0.26 0.24 0.16 0.27 0.06 0.19 0.09 0.09 0.11 0.10 0.11 0.19
Total 99.77 99.74 100.30 99.61 99.61 99.24 99.16 100.21 99.61 100.28 100.15 100.30 99.47 100.63

Si 1.95 1.95 1.96 1.95 1.96 1.94 1.95 1.91 1.92 1.95 1.93 1.95 1.93 1.87
A r 0.05 0.05 0.04 0.05 0.04 0.06 0.05 0.09 0.08 0.05 0.07 0.05 0.08 0.13
AI" 0.06 0.06 0.05 0.05 0.05 0.06 0.01 0.02 0.01 0.04 0.02 0.00 0.02 0.02
Fe*" 0.12 0.11 0.12 0.12 0.11 0.13 0.30 0.20 0.19 0.43 0.14 0.15 0.14 0.24
Mg 0.90 0.89 0.91 0.89 0.90 0.94 1.01 1.01 1.00 0.92 1.02 1.05 1.00 0.91
Ti 0.01 0.01 0.01 0.01 0.01 0,01 0.00 0.00 0.00 0.01 0.00 0.00 0.00 0.02
Cr 0.01 0.01 0.01 0.01 0.01 0.01 - 0.02 0.01 0.00 0.02 0.02 0.03 .
Mn 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01
Ca 0.88 0.90 0.89 0.89 0.92 0.83 0.67 0.72 0.78 0.60 0.79 0.76 0.80 0.79
Na 0.02 0.02 0.02 0.02 0.01 0.02 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.89 0.89 0.89 0.88 0.89 0.88 0.77 0.83 0.84 0.68 0.88 0.88 0.88 0.79
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Appendix B5. Pyroxene Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

113-M0a2 113-M0a3 113-1-20A1
basalt basalt basalt 
OSU OSU UofA 

cor rim cor

113-1-20A2 113-1-20A3 113-1-20A4 113-1-2001 
basalt basalt basalt basalt 
UofA UofA UofA UofA 

rim cor rim cor

113-1-2002
basalt
UofA

rim

113-2-401
gabbro

UofA
gm

113-2-402
gabbro

UofA
gm

113-2-403
gabbro

UofA
gm

113-2-404 113-2-11A1
gabbro gabbro 

UofA UofA 
gm gm

113-2-11A2
gabbro

UofA
gm

SIO2 51.76 51.78 52.68 53.44 52.58 52.41 52.42 52.84 54.55 54.67 54.54 54.29 53.14 53.31
TIO2 0.49 0.57 0.05 0.03 0.09 0.13 0.09 0.11 0.06 0.08 0.10 0.07 0,26 0.24
AI2O3 3,33 3.41 1.83 1.44 2.11 2.45 2.22 1.83 0.77 0.40 0.89 1.08 2.25 2.22
FeO^ 6.47 6.58 5.31 4.86 4.26 6.63 4.68 5.68 3.32 3.44 3.06 2.75 5.46 5.52
Cr2Û3 0.33 0.30 0.23 0.56 0.97 0.03 0.87 0.17 1,01 0.48 0.71 0.56 0.53 0.50
MnO 0.19 0.16 0.16 0.16 0.15 0.19 0.15 0.18 0.10 0.10 0.10 0.14 0.15 0.19
MgO 17.30 16.25 18.28 19.41 18.39 17.49 18.34 18.54 16.67 16.96 17.03 17.17 17.42 17.43
CaO 20.27 19.86 20.53 19.71 20.80 19.97 20.55 20.04 23.20 23,48 23.42 23.35 20.53 20.42
NajO 0.21 0.24 0.07 0.08 0.08 0.06 0.07 0.06 0.37 0.21 0.22 0.16 0.19 0.18
Total 100.35 99.15 99.14 99.69 99.43 99.36 99.39 99.45 100.05 99.82 100.07 99.57 99.93 100.01
SI 1.89 1.92 1.93 1.94 1.92 1.93 1.92 1.93 1.99 2.00 1.99 1.99 1.94 1.95
Al" 0.11 0.08 0.07 0.06 0.08 0.07 0.08 0.07 0.01 0.00 0.01 0.02 0.06 0.05
Al'" 0.03 0.07 0.01 0.01 0.01 0.04 0.01 0.01 0.02 0.02 0.03 0.03 0.04 0.04
Fe'* 0.20 0.20 0.16 0.15 0.13 0.21 0.14 0.17 0.10 0.11 0.09 0.08 0.17 0.17
Mg 0.94 0.90 1.00 1.05 -  1.00 0.96 1.00 1.01 0.91 0.93 0.93 0.94 0.95 0.95
Tl 0.01 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Cr 0.01 0.01 0.01 0.02 0.03 0.00 0.03 0.01 0.03 0.01 0.02 0.02 0.02 0.01
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.00 0.00 0.00 0.01 0.01
Ca 0.79 0.79 0.81 0.77 0.82 0.79 0.81 0.79 0.91 0.92 0.91 0.92 0.80 0.60
Na 0.02 0.02 0.01 0.01 0.01 0.00 0.01 0.00 0.03 0.02 0.02 0.01 0,01 0.01
Sum 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Mg# 0.83 0.81 0.86 0.88 0.89 0.82 0.88 0.85 0.90 0.90 0.91 0.92 0.85 0.85
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Appendix B5. Pyroxene A nalyses (continued)
Sample 
Rock Type 
Location 
Occurrence

113-2-11 A3 
gabbro 

UofA 
gm

113-2-11A4 
gabbro 

UofA 
rim

113-2-11B1
gabbro

UofA
gm

113-2-11B2 
gabbro 

UofA 
gm

113-2-11B3
gabbro

UofA
gm

113-2-11B4
gabbro

UofA
gm

113-2-11E1
gabbro

UofA
gm

113-2-11E2 
gabbro 

UofA 
gm

SiOj 53.26 53,26 54,85 53,47 52,94 53.66 53.89 54,50
TiOj 0,25 0,24 0,06 0,22 0.25 0.24 0.29 0.09
AI2O3 2,21 2,33 0.56 2,07 2,32 1.66 1.30 0,52
FeO^ 5,14 5,29 4,07 5,47 5,11 4.19 4.56 3.76
OrzO] 0.67 0,61 0,42 0,47 0,64 0.42 0.35 0.19
MnO 0,16 0,13 0,16 0,14 0,11 0.12 0.10 0.12
MgO 17.62 17.18 16,99 17,58 17,09 16.18 16.55 16,83
CaO 20,34 20,30 22,92 20,47 21,01 22,80 22.41 23.74
NagO 0,15 0,16 0.22 0,16 0,16 0,36 0.28 0.13
Total 99,80 99.50 100,25 100.05 99.63 99.63 99.73 99.88

SI 1.95 1,96 2,00 1,95 1.94 1.97 1.98 1.99
A r 0,05 0,04 0,00 0,05 0,06 0.03 0.02 0.01
A r 0,04 0,06 0,02 0,04 0,04 0.04 0.03 0.02
Fe** 0,16 0,16 0,12 0,17 0.16 0.13 0.14 0,12
Mg 0,96 0,94 0,92 0,96 0,94 0.89 0.91 0,92
Tl 0,01 0,01 0,00 0,01 0,01 0.01 0.01 0,00
Cr 0,02 0,02 0,01 0,01 0,02 0.01 0.01 0,01
Mn 0,01 0,00 0.01 0.00 0.00 0.00 0.00 0.00
Ca 0,80 0,80 0,90 0,80 0,83 0.90 0.88 0.93
Na 0,01 0.01 0,02 0,01 0,01 0.03 0.02 0.01
Sum 4,00 4,00 4.00 4,00 4,00 4.00 4.00 4.00
Mg# 0,86 0,85 0,88 0,85 0,86 0.87 0,87 0.89

240



Appendix B6. Plagioclase Analyses (recalculated on the basis of 32 0)
Sample 81-2-8A1 81-2-8A2 81-2-8A3 81-2-881 81-2-882 81-2-883 81-2-884 81-2-885 81-2-8C1 81-2-8C2 81-2-8C3 81-2-8C4 81-2-9A1 81-2-9A2 81-2-981 81-2-982
Rock Type basal! basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UolA UofA UofA UofA UofA UolA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm gm gm gm
SID, 66.71 66.94 67.30 66.78 67.43 67.23 66.90 67.09 67.32 67.15 66.88 66.71 65.59 66.42 65.68 67.42
AljOj 20.18 19.99 20.26 20.20 19.81 20.17 20.29 20.31 20.02 19.92 20.14 20.10 21.31 20.71 20.90 20.04
FeO^ 0.33 0.28 0.13 0.30 0.30 0.25 0.27 0.33 0.34 0.29 0.24 0.28 0.26 0.28 0.28 0.06
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO b.d. b.d. b.d. b.d. 0.01 0.01 b.d. 0.01 0.01 0.02 b.d. 0.01 0.01 b.d. 0.01 b.d.
CaO 0.74 0.58 0.87 0.75 0.38 0.69 0.80 0.79 0.56 0.58 0.72 0.73 1.99 1.34 1.60 0.59
N%0 11.29 11.42 11.46 11.20 11.39 11.31 11.05 11.33 10.96 11.01 11.11 11.32 10.55 10.78 10.53 11.15
KjO 0.07 0.07 0.05 0.08 0.05 0.04 0.06 0.06 0.06 0.07 0.05 0.05 0.08 0.09 0.10 0.09
Total 99.32 99.28 100.07 99.31 99.37 99.70 99.37 99.92 99.27 99.04 99.14 99.20 99.79 99.62 99.10 99.35
SI 11.78 11.82 11.79 11.79 11.88 11.82 11.79 11.78 11.86 11.86 11.81 11.79 11.56 11.70 11.64 11.87
AI 4.20 4.16 4.18 4.20 4.11 4.18 4.21 4.20 4.15 4.14 4.19 4.19 4.43 4.30 4.36 4,15
Fe**
Mn

0.05 0.04 0.02 0.04 0.04 0.04 0.04 0.05 0.05 0.04 0.04 0.04 0.04 0.04 0.04 0.01

Mg . . . . 0.00 0.00 . 0.00 0.00 0.01 0.00 0.00 0.00
Ca 0.14 0.11 0.16 0.14 0.07 0.13 0.15 0.15 0.11 0.11 0.14 0.14 0.38 0,25 0.30 0.11
Na 3.87 3.91 3.89 3.83 3.89 3.85 3.78 3.86 3.75 3.77 3.81 3.88 3.61 3.68 3.62 3.81
K 0.02 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.02 0.02
Cations 20.05 20.06 20.06 20.03 20.01 20.02 19.99 20.05 19.93 19.95 19.99 20.05 20.03 19.99 19.99 19.96
An 3.50 2.70 4.00 3.60 1.80 3.30 3.80 3.70 2.70 2.80 3.40 3.40 9.40 6.40 7.70 2.80

Notes; n.d. = not determined; b.d. = beolw detection; gm = groundmass; vel = vein; cor = core; Inc = inclusion; myr= mynneklte; An = mole fraction anorthile,
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Appendix B6. Plagioclase Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

82-3-2A5 82-3-2A6 82-3-2B1 
troctolile troctolite troctolite 

UofA UolA UofA 
gm gm gm

82-3-2B2
troctolile

UofA
gm

82-3-2B3 82-3-2B4
troctolite troctolile 

UofA UofA 
gm gm

82-3-201
troctolite

UofA
gm

82-3-202
troctolite

UofA
gm

82-3-203 82-3-204 82-3-8D3 90-4-3A1 
troctolile troctolite gabbro gabbro 

UofA UofA OSU UofA 
gm gm gm gm

90-4-3A10 90-4-3A12 90-4-3A2 90-4-3A3 
gabbro gabbro gabbro gabbro 

UofA UofA UofA UofA 
vet vel gm gm

SID, 45.35 45.62 46.12 45.57 45.85 46.18 45.89 45.74 45.85 45.05 52.83 47.51 65.29 65.43 47.47 47.59
AijOs 34,90 34.69 34.17 34.24 34.40 33.99 34.28 34.58 34.40 34.78 30.12 34.03 22.39 22.52 34.06 34.19
FeO^ 0.05 0.03 b.d. 0.04 0.03 0.08 0.03 0.02 0.07 0.02 0.45 0.24 0.02 0.03 0.24 0.32
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. b.d. b.d. b.d. b.d. b.d.
MgO b.d. 0.01 0.01 b.d. 0.10 b.d. b.d. 0.03 b.d. b.d. 0.08 0.03 b.d. b.d. 0.02 b.d.
CaO 18.30 18.50 18.00 17.72 17.75 17.41 17.91 18.09 18.02 18.44 12.92 16.95 3.21 3.26 16.96 17.02
N^O 1.26 1.25 1.48 1.46 1.50 1.66 1.52 1.37 1.50 1.22 4.37 1.86 9.78 9.36 1.88 1.90
KjO 0.02 0.01 0.01 0.01 0.01 b.d. 0.02 b.d. 0.02 0.01 0.02 0.04 0.01 0.03 0.04 0.02
Total 99.88 100.11 99.79 99.04 99.64 99.32 99.65 99.83 99.86 99.52 100.80 100.66 100.70 100.63 100.67 101.04
SI 8.37 8.41 8.51 8.47 8.47 8.55 8.48 8.44 8.46 8.35 9.52 8.67 11.41 11.42 8.66 8.65
AI 7.59 7.53 7.43 7.50 7.49 7.41 7.46 7.52 7.48 7.60 6.39 7.31 4.61 4.63 7.32 7.32
Fe**
Mn

0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.07 0.04 0.00 0.00 0.04 0.05

Mg - 0.00 0.00 - 0.03 . - 0.01 . . 0.02 0.01 0.01
Ca 3.62 3.65 3.56 3.53 3.51 3.45 3.55 3.58 3.56 3.66 2.50 3.31 0.60 0.61 3.32 3.32
Na 0.45 0.45 0.53 0.53 0.54 0.60 0.55 0.49 0.54 0.44 1.53 0.66 3.31 3.17 0.67 0.67
K 0.01 0.00 0.00 0.00 0.00 - 0.01 - 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.01
Cations 20.05 20.04 20.03 20.03 20.04 20.03 20.05 20.03 20.06 20.06 20.04 20.00 19.94 19.84 20.01 20.01
An 88.80 89.10 87.00 87.00 86.70 85.30 86.60 88.00 86.80 89.30 61.90 83.20 15.30 16.10 83.10 83.10
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Appendix B6. P lagioclase A nalyses (continued)
Sample 90-4-3A4 90-4-3A5 90-4-3C1 90-4-3C2 90-4-3C3 90-4-3C4 94-1-101 94-1-1C2 94-1-1D1 94-1-1D2 94-1-2B1 94-1-2B2 94-1-2B2 94-1-2B3 94-1-2B4 94-1-2B5
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UolA UolA UolA UolA UolA UolA OSU OSU OSU OSU UolA OSU UolA UolA UolA UolA
Occurrence gm gm gm gm gm gm gm gm Inc gm gm Inc gm gm gm gm
SIO2 66.66 64.48 47.82 47.78 47.87 48.08 53.73 54.82 53.14 54.30 51.53 49.86 49.91 51.10 52.24 49.29
AljOs 21,98 22.56 33.80 33.86 33.67 33.68 28.86 28.78 30.08 28.88 30.91 31.90 31.80 31.00 30.45 32.26
FeO^ 0.10 0.16 0.25 0.29 0.32 0.32 0.40 0.44 0.37 0.37 0.35 0.45 0.44 0,45 0.53 0.63
MnO b.d. b.d. b.d. b.d. b.d. 0.03 n.d. n.d. n.d. n.d. b.d. n.d. b.d. 0.04 0.02 b.d.
MgO 0.01 b.d. 0.01 0.03 0.03 0.02 0.02 0.03 0.05 0.02 0.03 0.05 0.01 0.03 0.02 0.02
CaO 2.32 3.30 16.66 16.78 16.58 16.37 11.20 11.13 12.78 11.40 13.65 14.58 14.71 13.97 12.97 15.35
Na; 0 9.98 9.48 1.97 1.89 2.12 2.18 4.95 4.95 4.26 5.03 3.75 3.08 3.34 3.76 4.18 2.98
K2O 0.03 0.03 0.01 0.02 0.03 0.05 0.09 0.08 0.08 0.08 0.06 0.04 0.05 0.08 0.11 0.07
Total 101.10 100.01 100.52 100.65 100.62 100.73 99.25 100.22 100.75 100.09 100.28 99.95 100.27 100.44 100.52 100.60
SI 11.57 11.35 8.72 8.71 8.73 8.76 9.79 9.87 9.57 9.81 9.35 9.11 9.10 9.28 9.45 8.99
AI 4.49 4.68 7.26 7.27 7.23 7.22 6.19 6.10 6.38 6.14 6.61 6.86 6.83 6.63 6.49 6.92
Fe** 0.02 0.02 0.04 0.04 0.05 0.05 0.06 0.07 0.06 0.06 0.05 0.07 0.07 0.07 0.08 0.10
Mn - • ■ - ■ 0.01 - • - - - - - 0.01 0.00 -

Mg 0.00 - 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.01
Ca 0.43 0.62 3.26 3.28 3.24 3.19 2.19 2.15 2.47 2.21 2.65 2.85 2.88 2.72 2.52 3.00
Na 3.36 3.24 0.70 0.67 0.75 0.77 1.75 1.73 1.49 1.76 1.32 1.09 1.18 1.32 1.47 1.05
K 0.01 0.01 0.00 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.01 0.01 0.01 0.02 0.03 0.02
Cations 19.87 19.92 19.98 19.98 20.02 20.01 19.99 19.94 19.99 20.00 20.00 20.00 20.07 20.06 20.04 20.08
An 11.40 16.10 82.30 83.00 81.10 80.30 55.20 55.20 62.10 55.40 66.6 72.20 70.7 66.9 62.7 73.8
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Appendix B6. Plagioclase A nalyses (continued)
Sample 94-1-2C1 94-1-251 94-1-301 94-1-3D2 94-1-352 96-1-2A1 96-1-2A2 96-1-2A3 96-1-2B1 96-1-2B2 96-1-2B3 96-1-202 S16-1-3A1 96-1-3A3 96-1-3A4 96-1-3B2
Rock Type gabbro gabbro gabbro gabbro gabbro PG PG PG PG PG PG PG PG PG PG PG
Location OSU OSU OSU OSU OSU UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence rim gm rim gm cor gm gm gm gm gm gm gm rim cor cor gm
SIO2 55.33 50.65 52.76 55.29 49.03 68.16 68.10 68.57 68.03 67.98 68.33 68.13 65.79 65.87 66.42 65.82
AljOs 28.41 31.11 29.95 28.32 32.57 20.06 20.20 20.05 19.95 20.22 20.07 19.97 20.43 21.13 20.42 20.73

FeO^ 0.39 0.48 0.49 0.44 0.45 0.22 0.21 0.07 0.10 0.09 0.19 0,08 0.36 0,33 0.40 0.23
MnO n.d. n.d. n.d. n.d, n.d. b.d. b.d. b.d. 0.01 b.d. 0.01 0.01 n.d. n.d. n.d. n.d.
MgO 0.04 0,06 0.02 0.04 0.05 b.d. b.d. b.d. b.d. 0.01 0.01 b.d. b.d. b.d. b.d. 0.01
CaO 10.45 14.06 12.69 10.70 15.69 0.52 0.57 0.06 0.44 0.42 0.50 0.04 1.35 1.77 1.14 1.40
NajO 5.44 3.49 4.34 5.36 2.56 10.90 11.07 11.48 11.51 11.06 11.06 11.47 10.63 10.66 11.34 10.84
K;0 0.12 0.05 0.10 0.15 0.04 0.02 0.09 0.04 0.06 0.04 0.04 0.03 0.02 0.03 0.02 0.07
Total 100.19 99.90 100.35 100.29 100.39 99.88 100.24 100.27 100.10 99.82 100.21 99.73 98.58 99.79 99.74 99.10
Si 9.96 9.25 9.55 9.95 8.94 11.91 11.88 11.93 11.89 11.89 11.91 11.93 11.71 11.61 11.71 11.67
AI 6.02 6.69 6.38 6.00 7.00 4.13 4.15 4.11 4.11 4.16 4.12 4.12 4.28 4.38 4.24 4.33
Fe** 0.06 0.07 0.08 0.07 0.07 0.03 0.03 0.01 0.02 0.01 0.03 0.01 0.05 0.05 0,06 0.03
Mn - - - - - - - - 0.00 - 0.00 0.00 - - - -
Mg 0.01 0.02 0.00 0.01 0.01 - - - - 0.00 0.00 - - - - 0.00
Ca 2.02 2.75 2.46 2.06 3.07 0.10 0.11 0.01 0.08 0.08 0.09 0.01 0.26 0.33 0.22 0.27
Na 1.90 1.24 1,52 1.87 0.91 3.69 3.74 3.87 3.90 3.75 3.74 3.89 3.67 3.64 3.88 3.73
K 0.03 0.01 0.02 0.03 0.01 0.00 0.02 0.01 0.01 0.01 0.01 0.01 0,01 0.01 0.00 0.02
Cations 19.99 20.02 20.02 19.99 20.00 19.87 19.93 19.95 20.01 19.91 19.90 19,96 19,98 20.02 20.11 20.04
An 51.10 68.80 61.40 52.00 77.00 2.60 2.80 0.30 2.10 2.10 2.40 0.20 6.50 8.40 5.20 6,60
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A ppendix B6. P lagioclase A nalyses (continued)
Sample 96-1-3B3 961.384 96-1-3C1 96-1-5A2 96-1-5A3 96-1-5A4 96-1-5A5 96-1-5A6 96-1-5B1 96-1-582 96-1-583 S16-1-584 96-1-501 96-1-502 96-1-503 96-1-5D1
Rock Type PG PG PG PG PG PG PG PG PG PG PG PG PG PG PG PG
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence rim cor cor gm rim cor rim cor gm gm cor cor myr myr myr gm
SiOj 66.60 65.50 65.72 67.67 67.14 64.85 67,97 67.44 67.65 68.43 67,48 65,63 60,36 59,81 59.71 67,82
A IA 20.32 21.04 20.58 20.19 20.70 22.09 20.23 20.57 19.91 20.35 20.63 21,08 24,88 25.27 25.29 20,25
FeO^ 0.36 0.34 0.21 0.49 0.47 0.16 0.15 0.13 0.26 0.42 0.20 0,23 0,24 0.25 0.28 0,20
MnO n.d. n.d. n.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d. b,d. 0,04 b.d. b.d. b,d.
MgO 0.01 b.d. b.d. b.d. 0.01 b.d. b,d. b.d. 0.01 0.01 b,d. b,d. b.d. b.d. 0,01 0.01
CaO 1.03 1,85 1.54 1.00 1,32 2.84 0,74 1.09 0,49 0.75 1,34 2.27 6,56 6.78 6,71 0.75
Na^O 11,28 10.39 11.06 10.66 10,55 9.63 10.98 10,65 10.94 11.08 10,61 9.87 7,72 7,44 7,48 11.11
KjO 0.12 0.22 0.01 0.06 0,08 0.11 0.07 0,05 0,17 0.12 0,25 0.57 0.13 0.31 0,25 0.06
Total 99.72 99.34 99.12 100.07 100,27 99,68 100.14 99,93 99,43 101.17 100,51 99.65 99.93 99.86 99,73 100.20
Si 11.74 11.60 11.66 11.84 11,74 11,44 11.87 11,80 11.90 11.85 11,77 11.60 10.76 10.68 10,68 11.84
AI 4.22 4.39 4.30 4.16 4.26 4,59 4.16 4.24 4.12 4.15 4.24 4,39 5,22 5.32 5,33 4.17
Fe** 0.05 0.05 0.03 0.07 0.07 0,02 0.02 0,02 0.04 0.06 0.03 0.03 0.04 0.04 0,04 0.03
Mn ■ - - - ■ ■ - - - 0,00 - - 0,01 - ■ .

Mg 0.00 - - - 0.00 - - - 0.00 0.00 - - - • 0,00 0,00
Ca 0.20 0.35 0.29 0.19 0.25 0,54 0.14 0.20 0.09 0.14 0.25 0.43 1.25 1.30 1,29 0,14
Na 3.86 3.57 3.80 3.62 3.58 3,30 3.72 3.61 3,73 3,72 3,59 3,38 2,67 2,58 2,59 3,76
K 0.03 0.05 0.00 0.01 0.02 0,03 0.02 0.01 0,04 0.03 0.06 0,13 0,03 0,07 0,06 0,01
Cations 20.09 20.01 20.09 19.89 19.92 19,92 19.92 19.89 19,92 19,95 19,93 19,96 19,97 19,98 19,98 19,96
An 4.80 8.80 7.10 4.90 6.40 13,90 3.60 5.30 2.40 3,60 6,40 10,90 31,70 32,90 32,70 3,60
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Appendix B6. P lagioclase A nalyses (continued)
Sample 96-1-5D2 96-1-5D3 96-1-5D4 96-M0b1 96-M0b2 96-1-14A3 96-1-1482 96-1-1681 96-1-1682 96-1-1683 96-1-1684 96-1-1601 96-1-1603 96-1-1604 96-1-1605
Rock Type PG PG PG PG PG PG PG PG PG PG PG PG PG PG PG
Location UofA UolA UolA UolA UolA OSU OSU UolA UolA UolA UolA UolA UolA UolA UolA
Occurrence gm gm gm gm gm rim rim gm gm gm gm gm gm gm gm
SIO2 67,48 68,58 68,79 68,50 68,10 67,99 67,29 58,75 57,61 67,47 67,18 67,75 57,72 62,59 67,00
AI2O3 20,52 19,76 19,88 19,86 19,68 19,95 19,66 26,05 26,63 19,69 20,15 19,82 26,94 22,82 20,41
FeO^ 0,26 0,17 0,17 0,48 0,07 0,08 0,05 0,04 0,18 0,02 0,06 b,d. 0,08 0,12 0,02
MnO 0,01 b,d. b,d. 0,02 0,01 n,d. n,d. n,d. n,d. n,d. n.d. n,d. n,d. n.d. n.d.
MgO b,d. b,d. b,d. 0,02 b,d. b,d. b,d. b,d. 0,01 b,d. 0,01 b,d. 0,01 0,01 b.d.
CaO 1,12 0,23 0,39 0,11 0,10 0,16 0,17 7,44 7,94 0,43 0,78 0,29 8,24 3,77 1,05
NajO 10,61 11,47 11,24 11,64 10,98 11,54 11,35 7,50 7,01 11,28 11,17 11,60 6,97 9,24 11,00
K2O 0,06 0,04 0,03 0,03 0,05 0,04 0,03 0,06 0,06 0,24 0,22 0,24 0,10 0,21 0,25
Total 100,06 100,25 100,50 100,66 98,99 99,77 98,55 99,84 99,44 99,13 99,57 99,70 100,06 98,76 99,73
SI 11,80 11,95 11,95 11,91 11,98 11,91 11,92 10,51 10,37 11,91 11,82 11,90 10,33 11,20 11,78
AI 4,23 4,06 4,07 4,07 4,08 4,12 4,10 5,49 5,64 4,09 4,18 4,10 5,68 4,81 4,23
Fe** 0,04 0,03 0,03 0,07 0,01 0,01 0,01 0,01 0,03 0,00 0,01 0,00 0,01 0,02 0,00
Mn 0,00 - - 0,00 0,00 - ■ - - • . . . • •

Mg ■ - - 0,01 - 0,00 0,00 - 0,00 - 0,00 - 0,00 0,00
Ca 0,21 0,04 0,07 0,02 0,02 0,03 0,03 1,43 1,53 0,08 0,15 0,06 1,58 0,72 0,20
Na 3,60 3,88 3,79 3,93 3,75 3,92 3,90 2,60 2,45 3,86 3,81 3,95 2,42 3,21 3,75
K 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,01 0,05 0,05 0,05 0,02 0,05 0,06
Cations 19,89 19,96 19,91 20,01 19,85 19,99 19,97 20,05 20,03 20,00 20,02 20,05 20,05 20,01 20,01
An 5,50 1,10 1,90 0,50 0,50 0,80 0,80 35,30 38,40 2,00 3,70 1.40 39,30 18,20 4,90
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Appendix B6. P lagioclase A nalyses (continued)
Sample 96-1-16C6 96-1-19B1 96-1-27A1 96-1-27A2 96-1-2781 96-1-2782 96-1-27E1 96-1-27E2 96-1-29A1 96-1-29A2 96-2-1 Cl 96-2-102 96-2-1D1 96-2-1D2 96-2-481
Rock Type PG PG PG PG PG PG PG PG PG/basall PG/basall basalt basalt basalt basalt PG/basalt
Location UofA OSU UofA UofA UofA UofA UofA UofA OSU OSU OSU OSU OSU OSU UofA
Occurrence gm gm cor rim cor rim rim rim gm gm gm gm gm gm cor
SiOj 66.38 66.63 66.47 66.33 66.54 67.46 66.27 67.18 68.39 67.71 67.88 68.08 66.41 67.83 66.69

21.01 20.40 20.74 20.57 20.26 19.86 20.32 20.00 20.18 19.69 20.25 20.44 21.42 19.67 20.42
FeO^ 0.05 b.d. 0.09 0.08 0.05 0.02 0.01 0.10 0.18 0.30 0.23 0.09 0.30 0.23 0.24
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO 0.02 0.03 b.d. 0.02 0.01 b.d. b.d. 0.01 b.d. 0.04 b.d. b.d. 0.01 b.d. b.d.
CaO 1.28 0.86 1.10 0.59 0.52 0.32 0.73 0.51 0.32 0.28 0.85 0.61 1.92 0.17 0.42
N a,0 10.70 10.91 10.79 11.28 11.39 11.86 11.66 11.77 11.41 11,11 10.86 10.69 9.85 11.23 11.69
K2O 0.35 0.06 0.04 0.31 0.32 0.05 0.07 0.04 0.04 0.05 0.05 0.22 0.06 0.05 0.08
Total 99.79 98.88 99.23 99.18 99.09 99.57 99.06 99.61 100.52 99.19 100.12 100.13 99,98 99.17 99.54
SI 11.67 11.79 11.73 11.73 11.78 11.87 11.74 11.82 11.89 11.93 11.85 11.87 11.64 11.94 11.76
AI 4.35 4.25 4.31 4.29 4.22 4.11 4.24 4.15 4.13 4.09 4.17 4.20 4.42 4.08 4.24
Fe** 0.01 0.00 0.01 0.01 0.01 0.00 0.00 0.02 0.03 0.05 0.03 0.01 0.04 0.03 0.04
Mn - - - - - - ■ - ■ ■ . . ■ . -

Mg 0.01 0.01 - 0.01 0.00 - - 0.00 0.00 0.01 0.00 0.00 0.00 0.00 -

Ca 0.24 0.16 0.21 0.11 0.10 0.06 0.14 0.10 0.06 0.05 0.16 0.11 0.36 0.03 0.08
Na 3.65 3.74 3.69 3.87 3.91 4.05 4.01 4.02 3.85 3.79 3.68 3.62 3.35 3.83 4.00
K 0.08 0.01 0.01 0.07 0.07 0.01 0.02 0.01 0.01 0.01 0.01 0.05 0.01 0.01 0.02
Cations 20.01 19.96 19.96 20.09 20.09 20.10 20.14 20.11 19.97 19.93 19.90 19.86 19.83 19.93 20.12
An 6.10 4.20 5.30 2.80 2.40 1.50 3.30 2.30 1.50 1.40 4.20 3.00 9.70 0.80 1.90
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Appendix B6. Plagioclase Analyses (continued)
Sample 96-2-482 96-2-4C1 96-2-402 96-2-13b1 96-2-13b4 99-1-21A1 99-1-21A2 99-1-21A3 99-1-2181 99-1-2182 99-1-2183 99-1-2101 99-1-2102 99-1-21C3 99-1-21D1
Rock Type PG/basall PG/basalt PG/basalt PG PG gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UolA UolA UolA OSU OSU UolA UolA UolA UolA UolA UolA UolA UolA UolA UolA
Occurrence cor cor cor gm gm gm gm gm gm gm gm gm gm gm gm
SiOj 67.04 67.40 67.87 66.22 67.31 48.93 48.56 48.74 46.41 47.73 47.86 50.18 50.05 49.62 46.87
AljOj 20.52 19.73 19.66 20.93 19.97 32.83 33.24 33.12 34.38 33.81 33.71 31.87 31.99 32.47 34.63
FeO^ 0.14 0.17 0.21 0.21 0.05 0.43 0.40 0.33 0.14 0.46 0.35 0.43 0.26 0.46 0.22
MnO n.d. n.d. n.d. n.d. n.d. 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 0.01 0.02 b.d.
MgO b.d. b.d. b.d. b.d. 0.02 0.05 0.02 0.02 b.d. 0.02 0.01 0.03 0.03 0.01 0.05
CaO 0.58 0.16 0.13 1.51 0.20 15.68 16.30 15.83 17.43 16.53 16.56 14.72 14.77 15.38 17.44
NajO 11.33 11.94 11.88 10.47 11.29 2.62 2.40 2.55 1.54 2.10 2.11 3.23 3.25 2.80 1.49
K2O 0.07 0.04 0.05 0.07 0.04 0.01 0.02 0.02 0.03 0.01 0.03 0.04 0.02 0.04 0.02
Total 99.68 99.44 99.80 99.40 98.88 100.56 100.94 100.61 99.93 100,66 100.63 100.50 100.38 100.80 100.72
Si 11.78 11.88 11.91 11.68 11.89 8.91 8.83 8.87 8.54 8.71 8.73 9.12 9.10 9.01 8.55
Ai 4.25 4.09 4.06 4.35 4.15 7.04 7.12 7.10 7.45 7.26 7.24 6.82 6.85 6.94 7.44
Fe** 0.02 0.03 0.03 0.03 0.01 0.07 0.06 0.05 0.02 0.07 0.05 0.07 0.04 0.07 0.03
Mn - - - - - 0.00 - - - - - - 0.00 0.00 -

Mg - - - 0.00 0.01 0.01 0.01 0.01 - 0.01 0.00 0.01 0.01 0.00 0.01
Ca 0.11 0.03 0.02 0.29 0.04 3.06 3.17 3.09 3.44 3.23 3.24 2.87 2.88 2.99 3.41
Na 3.86 4.08 4.04 3.58 3.87 0.93 0.85 0.90 0.55 0.74 0.75 1.14 1.15 0.99 0.53
K 0.02 0.01 0.01 0.02 0.01 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01
Cations 20.03 20.11 20.08 19.94 19.97 20.02 20.03 20.02 20.00 20.02 20.02 20.03 20.04 20.01 19.98
An 2.70 0.70 0.60 7.30 1.00 76.70 78.90 77.30 86.10 81.30 81.10 71.40 71.40 75.00 86.50
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Sample 99-1-21D2 99-1 2103 99-1-2104 991-30A1 991-30A2 991-30A3 991-30A4 991-30A5 991-30A6 991-30B1 991-30B2 991-30B3 991-30B4 991-3001 99-1-3002
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm cor cor cor gm gm gm gm cor cor
SiO; 45.57 46.70 47.50 49.47 49.44 48.84 48.95 49.63 49.29 48.89 49.14 49.17 48.43 49.00 49.41
AljOs 36.23 34.94 34.14 32.82 33.08 32.77 33.14 32.65 32.80 33.38 33.27 33.24 33.25 33.05 33.12
FeO^ 0.08 0.08 0.08 0.33 0.30 0.34 0.30 0.34 0.34 0.37 0.33 0.32 0.41 0.41 0.42
MnO 0.01 0.01 b.d. 0.02 b.d. b.d. b.d. b.d. b.d. 0.01 0.01 b.d. b.d. 0.01 b.d.
MgO b.d. b.d. 0.01 0.03 0.03 0.02 0.01 0.04 0.04 0.08 0.09 0.03 0.05 0.02 0.02
CaO 18.61 17.56 16.87 15.11 15.29 15.45 15.25 14.78 15.37 15.47 15.37 15.39 15.79 15.65 15.05
N%0 0.90 1.56 1.99 2.92 2.67 2.65 2.66 2.94 2.62 2.40 2.44 2.42 2.48 2.70 2.74
K2O 0.01 0.03 0.04 0.02 0.03 0.03 0.04 0.03 0.03 0.03 0.03 0.04 0.03 0.02 0.02
Total 101.41 100.88 100.63 100.72 100.84 100.10 100.35 100.41 100.49 100.63 100.68 100.61 100.44 100.86 100.78
SI 8.28 8.51 8.66 8.98 8.96 8.93 8.92 9.02 8.96 8.88 8.92 8.93 8.84 8.90 8.96
AI 7.75 7.50 7.33 7.01 7.06 7.05 7.11 6.99 7.03 7.14 7.11 7.11 7.14 7.07 7.07
Fe** 0.01 0.01 0.01 0.05 0.05 0.05 0.05 0.05 0.05 0.06 0.05 0.05 0.06 0.06 0.06
Mn 0.00 0.00 - 0.00 - - - - - 0.00 0.00 ■ . 0.00 .

Mg - - 0.00 0.01 0.01 0.01 0.00 0.01 0.01 0.02 0.02 0.01 0.01 0.01 0.01
Ca 3.62 3.43 3.30 2.94 2.97 3.03 2.98 2.88 3.00 3.01 2.99 2.99 3.09 3.05 2.92
Na 0.32 0.55 0.70 1.03 0.94 0.94 0.94 1.04 0.92 0.85 0.86 0.85 0.88 0.95 0.96
K 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01
Cations 19.99 20.01 20.02 20.02 19.98 20.01 20.00 20.00 19.98 19.97 19.95 19.94 20.03 20.04 19.98
An 91.90 86.00 82.20 74.00 75.80 76.20 75.80 73.40 76.30 77.90 77.50 77.70 77.70 76.10 75.10
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Appendix B6. Plagioclase Analyses (continued)
Sample 99-1-3003 99-1-3004 99-2-1A1 99-2-1A2 99-2-1A3 99-2-1A4 99-2-1B1 99-2-1B2 99-2-1B3 99-2-1B4 99-2-105 99-2-106 99-2-107 101-1-2A1 101-1-2A3 101-1-2A5
Rock Type gabbro gabbro basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence rim rim gm gm gm gm gm gm gm gm gm gm gm gm gm gm
SIO2 48.58 49.03 47.55 47.43 49.58 49.46 49.18 49.03 51.28 49.41 50.24 49.59 48.77 66.06 68.02 66,55
AI2O3 33.61 33.07 33.73 34.27 32.64 32.64 32.95 33.08 31.79 32.81 32.13 32.71 33.02 21.32 20.06 21.20
FeO^ 0.40 0.32 0.48 0.38 0.42 0.46 0.47 0.34 0.44 0.16 0,42 0.41 0.48 0.13 0.19 0.12
MnO 0.02 b.d. b.d. b.d. 0.01 0.03 b.d. 0.01 0.04 0.02 b.d. 0.04 b.d. b.d. b.d, 0.01
MgO 0.06 0.02 0.04 0.01 0.04 0.04 0.10 0.02 0.08 0.06 0.03 0.02 0.08 0.01 0.03 0.01
CaO 15.82 15.37 16.21 16.44 14.93 14.84 15.47 15.33 13.89 14.90 14.21 14.82 15.53 1.91 0,48 1.53

2.24 2.67 1.97 2.00 2.83 2.96 2.81 2.79 3.53 2.93 3.18 2.96 2.51 10.42 11.32 10.51
K2 O 0.02 0.04 0.02 0.02 0.01 0.03 0.02 0.02 0.02 0.04 b.d. 0.03 0.03 0.07 0.07 0.07
Total 100.75 100.52 100.00 100.55 100.46 100.46 101.00 100.62 101.07 100.33 100.21 100.58 100.42 99.92 100.17 100.00
SI 8.82 8.92 8.72 8.66 9.01 9.00 8.92 8.91 9.24 8.99 9.14 9.01 8.89 11.61 11.88 11.66
AI 7.19 7.08 7.29 7.37 6.99 6.99 7.04 7.08 6.75 7.03 6.88 7.00 7.09 4.41 4.13 4.38
Fe** 0.06 0.05 0.07 0.06 0.06 0.07 0.07 0.05 0.07 0.02 0,06 0.06 0.07 0.02 0.03 0.02
Mn 0.00 - • ■ 0.00 0.01 - 0.00 0.01 0.00 - 0.01 - - - 0.00
Mg 0.02 0.01 0.01 0.00 0,01 0.01 0.03 0.01 0.02 0.02 0.01 0.01 0.02 0.00 0.01 0.00
Ca 3.08 3.00 3.19 3.21 2.91 2.89 3.01 2.99 2.68 2.90 2.77 2.88 3.03 0.36 0.09 0.29
Na 0.79 0.94 0.70 0.71 1.00 1.04 0.99 0.98 1.23 1.03 1.12 1.04 0.89 3.55 3.83 3.57
K 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 - 0.01 0.01 0.02 0.02 0.02
Cations 19.97 20.00 19.98 20.01 19.98 20.02 20.05 20.03 20.00 20.01 19.98 20.01 20.00 19.97 19.98 19.94
An 79.50 75.90 81.90 61.80 74.40 73.40 75.20 75.10 68.40 73.60 71.20 73.30 77.20 9.20 2.30 7.40
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Sample 
Rock Type 
Location 
Occurrence

10M-2B2 101-1-2B4 
basalt basalt 
UofA UofA 

gm gm

101-1-24A2
basalt
UofA

gm

101-1-24A3 101-1-24A6 101-1-24B2 101-1-24B3 
basalt basalt basalt basalt 
UofA UofA UofA UofA 

gm gm gm gm

10M-24B4 102-4-1B1 
basalt epidoslte 
UofA UofA 

gm gm

102-4-1B2 102-4-1B3 
epidoslte epidoslte 

UofA UofA 
gm gm

102-4-103
epidoslte

UofA
gm

102-4-104
epidoslte

UofA
gm

105-1-6A1
gabbro

OSU
Inc

SID2 67,86 68.21 68.37 64.71 64.34 67.64 57.02 68.06 67.53 67.04 66.50 66.01 66.49 49.23
A IA 20,33 19.79 20.14 18.53 22.53 20.44 27.17 20.24 19.98 20.12 19.91 20.12 20.24 32.54
FeO^ 0,46 0.15 0.15 0.06 0.15 0.09 0.49 0.07 b.d. b.d. 0.07 b.d. 0.01 0.33
MnO 0.01 0.01 0.01 0.01 b.d. b.d. 0.02 b.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO b.d. 0.01 0.02 b.d. 0.01 0.01 0.08 0.01 b.d. b.d. 0.38 0.01 0.01 0.03
CaO 0.64 0.20 0.35 b.d. 3.01 0.89 9.08 0.38 0.23 0.56 0.32 0.60 0.57 14.93
NajO 11.16 11.91 11.53 0.09 9.93 11.00 6.12 11.69 11.68 11.58 11.50 11.90 11.26 2.83
K; 0 0.08 0.08 0.20 16.85 0.09 0.09 0.23 0.08 0.07 0.04 0.07 0.07 0.27 0.01
Total 100.54 100.36 100.77 100.25 100.06 100.16 100.21 100.53 99.49 99.34 98.75 98.71 98.85 99.90
SI 11.83 11.90 11.88 11.96 11.34 11.82 10.23 11.85 11.87 11.82 11.80 11.75 11.79 9.00
AI 4.17 4.07 4.12 4.04 4.68 4.21 5.74 4.15 4.14 4.18 4.16 4.22 4.23 7.00
Fe*" 0.07 0.02 0.02 0.01 0.02 0.01 0.07 0.01 0.00 0.00 0.01 0.00 0.00 0.05
Mn 0.00 0.00 0.00 0.00 - - 0.00 - - . .

Mg - 0.00 0.01 - 0.00 0.00 0.02 0.00 . . 0.10 0.00 0.00 0.01
Ca 0.12 0.04 0.07 - 0.57 0.17 1.75 0.07 0.04 0.11 0.06 0.11 0.11 2.92
Na 3.77 4.03 3,88 0.03 3.39 3.73 2.13 3.95 3.98 3.96 3.96 4.11 3.87 1.00
K 0.02 0.02 0,04 3.97 0.02 0.02 0.05 0.02 0.02 0.01 0.02 0.02 0.06 0.00
Cations 19.98 20.08 20,02 20.02 20.02 19.95 19.99 20.05 20.05 20.07 20.10 20.20 20.06 19.99
An 3.10 0.90 1,60 0.00 14.30 4.30 44.40 1.80 1.10 2.00 1.50 2.70 2.70 74.40
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Appendix B6. Plagioclase Analyses (continued)
Sample 105-1-6D1 105-1-8(b)A3 105-1-8(b)B1 105-1-8(b)D3 105-1-8(b)E4 105-1-8(b)E5 105-1-8(b)E6 105-1-14B2 105-1-14C1 105-1-21A1 105-1-21A2 105-1-21B1 105-1-21B2
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location OSU OSU OSU OSU OSU OSU OSU OSU OSU UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm
SIO2 49.42 46.81 46.76 46.35 46.42 46.50 47.47 45.61 46.00 48.65 48.86 48.26 47.30
AIzO) 32.67 34.20 34.47 34.65 34.09 34.65 32.68 34.44 33.83 31.85 31.84 32.33 32.82
FeO^ 0.48 0.34 0.35 0.39 0.37 0.30 0.48 0.33 0.31 0.30 0.49 0.43 0.29
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO 0.01 0.04 0.04 b.d. 0.02 0.01 0.19 b.d. 0.02 b.d. 0.31 0.01 b.d.
CaO 15.32 17.41 17.67 17.38 17.54 17.80 16.03 17.51 18.04 15.50 15.02 15.67 16.28
Na2 0 2.69 1.79 1.65 1.64 1.72 1.63 2.66 1.46 1.65 2.93 2.74 2.82 2.45
KjO b.d. 0.01 0.02 b.d. 0.02 b.d. 0.04 b.d. 0.02 0.02 0.04 0.03 0.01
Total 100.60 100.59 100,95 100.41 100.18 100.89 99.54 99.34 99.88 99.25 99.30 99.55 99.15
SI 8.98 8.57 8.53 8.50 8.54 8.49 8.77 8.46 8.51 8.98 9.00 8.90 8.76
AI 6.99 7.37 7.41 7.48 7.39 7.45 7.11 7.52 7.37 6.93 6.91 7.02 7.16
Fe** 0.07 0.05 0.05 0.06 0.06 0.05 0.07 0.05 0.05 0.05 0.08 0.07 0.05
Mn - - - - - - - - - - - - .

Mg 0.00 0.01 0.01 - 0.00 0.00 0.05 - 0.01 - 0.09 0.00 .

Ca 2.98 3.41 3.45 3.41 3.46 3.48 3.17 3.48 3.58 3.07 2.97 3.10 3.23
Na 0.95 0.63 0.58 0.58 0.61 0.58 0.95 0.52 0.59 1.05 0.98 1.01 0.88
K 0.00 0.00 0.00 0.00 0.00 - 0.01 - 0.00 0.01 0.01 0.01 0.00
Cations 19.99 20.05 20.05 20.04 20.06 20.06 20.14 20.03 20.10 20.07 20.03 20.09 20.09
An 75.80 84.30 85.50 85.40 84.80 85.80 76.70 86.90 85.70 74.40 75.00 75.30 78.60
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Appendix B6. Plagioclase Analyses (continued)
Sample 105-1-21B3 105-1-21C5 105-1-21D3 105-1-21D4 105-1-25A1 105-1-25A1 105-1-25A2 105-1-25A3 105-1-25A4 105-1-25A4 105-1-2501 105-1-2501 105-1-2502
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UofA UofA UofA UofA OSU UofA UofA UofA OSU UofA OSU UofA UofA
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm
SiOj 48.60 49.03 48.60 48.98 46.55 45.83 43.52 46.58 46.16 43.64 43.58 43.64 43.74
AI2 O3 32.17 31.97 31.99 31.75 33.37 34.19 36.27 33.97 34.30 36.18 36.26 36.67 36.60
FeO^ 0.35 0.24 0.33 0.40 0.38 0.41 0.14 0.41 0,34 0.13 0.30 0.23 0.22
MnO n.d. n.d. n.d. n.d. n.d. b.d. b.d. 0.01 n.d. b.d. n.d. b.d. 0.03
MgO 0.01 0.01 0.01 0.02 b.d. b.d. b.d. 0.02 0.01 b.d. 0.01 b.d. b.d.
CaO 15.18 15.10 15.23 15.23 16.67 17.54 19.49 17.03 17.39 19.53 19.44 19.78 19.52
Na^O 2.81 3.03 2.92 3.01 2.05 1.63 0.50 1.89 1.70 0.48 0.51 0.36 0.47
K; 0 0.03 0.02 0.03 0.04 b.d. 0.02 0.02 0.01 b.d. 0.01 b.d. 0.02 0.03
Total 99.15 99.40 99.11 99.43 99.01 99.62 99,96 99.91 99.90 99.96 100.10 100.69 100.61
Si 8.97 9.02 8.98 9.02 8.65 8.48 8.07 8.58 8.51 8.08 8.07 8.03 8.05
AI 6.99 6.93 6.96 6.89 7.30 7.45 7.92 7.37 7.45 7.89 7.90 7.95 7.94
Fe'* 0.05 0.04 0.05 0.06 0.06 0.06 0.02 0.06 0.05 0.02 0.05 0.04 0.03
Mn - - - - - ■ 0.00 0.00 - - - - 0.00
Mg 0.00 0.00 0.00 0.01 - - - 0.01 0.00 - 0.00 - •

Ca 3.00 2.98 3.01 3.01 3.32 3.48 3.87 3.36 3.44 3.88 3.86 3.90 3.85
Na 1.01 1.08 1.05 1.08 0.74 0.59 0.18 0.68 0.61 0.17 0.18 0.13 0.17
K 0.01 0.01 0.01 0.01 0.00 0.01 0.00 0.00 0.00 0.00 0.00 0.01 0.01
Cations 20.03 20.05 20.06 20.07 20.06 20.07 20.06 20.06 20.06 20.05 20.06 20.05 20.05
An 74.80 73.30 74.10 73.50 81.80 85.5 95.4 83.2 84.90 95.7 95.40 96.7 95.7
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Appendix B6. Plagioclase Analyses (continued)
Sample 105-1-25C3 105-1-25C4 105-3-6A1 105-3-6A2 105-3-6B5 106-2-5a1 106-2-5c2 106-2-5C4 106-2-1001 106-2-1002 106-2-10D1 106-2-10D1 106-2-10D2 106-2-1002
Rock Type gabbro gabbro basalt basalt basalt gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location UofA UofA OSU OSU OSU OSU OSU OSU OSU OSU OSU UofA OSU UofA
Occurrence gm gm gm gm gm gm gm Inc gm gm Inc gm gm gm
SiOj 46.97 46.90 63.14 62.88 63.40 55.32 46,14 43,63 43,73 43,54 45,63 45,14 45.74 46,40
A IA 33.93 33.90 23.29 23.29 22.43 28.02 33,47 35,09 36,44 36,40 34,47 35,17 34.30 34,09
FeO^ 0.38 0.40 0.10 0,07 0.35 0.44 0,48 0,37 0,14 0,27 0,41 0,20 0.33 0,46
MnO b.d. b.d. n.d. n.d. n.d. n.d. n,d. n,d. n,d. n,d. n,d. b,d. n.d. 0,01
MgO 0.02 b.d. 0.02 b.d. 0.03 0.02 b,d. b,d. b,d. 0,21 0,14 0,02 0,02 0,02
CaO 17.01 16.98 4.24 4,34 3,73 10.10 16,97 18,77 19,90 19,72 17,93 18,30 17,92 17,10
NajO 1,84 1,97 8.97 9,02 8.72 5.62 1,90 0,88 0,38 0,30 1,29 1,21 1,32 1,79
KjO 0.02 0.02 0.04 0,14 0.18 0.09 0,02 0,02 0,03 b,d. 0,02 0,01 b.d. 0,02
Total 100.17 100.17 99.81 99,75 98.84 99.61 98,99 98,76 100,62 100,43 99,90 100,04 99.64 99,89
SI 8.62 8.62 11.17 11,15 11.31 10.01 8,59 8,18 8,06 8,04 8,43 8,33 8,47 8,55
AI 7.34 7.33 4.85 4,86 4,71 5,97 7,34 7,75 7,91 7,91 7,50 7,64 7,48 7,40
Fe** 0.06 0.06 0.01 0,01 0,05 0,07 0,08 0,06 0,02 0,04 0,06 0,03 0,05 0,07
Mn - 0.00 - - - - ■ - - - - . ■ 0,00
Mg 0.01 - 0.01 - 0,01 0,01 - ■ - 0,06 0,04 0.01 0,01 0,00
Ca 3.35 3.34 0.81 0,82 0,71 1,96 3,39 3,77 3,93 3,90 3,55 3.62 3,55 3,38
Na 0.66 0.70 3.08 3,10 3,02 1,97 0,69 0,32 0,13 0,11 0,46 0.43 0,48 0,64
K 0.00 0.01 0.01 0.03 0,04 0,02 0,00 0,00 0,01 - 0,00 0.00 . 0.00
Cations 20.03 20.06 19.94 19.98 19.85 20,00 20,08 20,09 20,05 20,05 20,05 20.06 20,03 20.06
An 83.5 82.5 20.70 20.80 18.90 49,60 83,10 92,10 96,50 97,40 88,30 89.3 88,20 84
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Sample 
Rock Type 
Location 
Occurrence

106-2-10D3 106-2-10D3 
gabbro gabbro 

OSU UofA 
Inc gm

106-2-1004
gabbro

UofA
gm

106-2-1005 106-2-10E2 106-2-11A1 106-2-11A2 106-2-11 A3 106-2-11 A3 106-2-11 A4 
gabbro gabbro PG PG PG PG PG 

UofA OSU UofA UofA OSU UofA OSU 
gm gm gm gm gm gm gm

106-2-11 A4 
PG 

UofA 
gm

106-2-11B1
PG

UofA
gm

106-2-11B2 
PG 

UofA 
gm

SiOj 45,81 44.24 44.50 46.07 45.09 46.73 46.71 47.05 48.43 47.64 58.72 62.55 66.87
A IA 34.62 35.81 35.59 34.62 35.05 34.19 34.16 33.63 34.17 32.97 26.02 23.41 20.26
FeO^ 0,31 0.30 0.35 0.30 0.49 0.41 0.39 0.40 0.39 0.48 0.11 0.13 0.33
MnO n.d. b.d. b.d. 0.02 n.d. 0.01 b.d. n.d. 0.02 n.d. 0.01 b.d. b.d.
MgO 0.03 b.d. 0.01 0.02 0.03 0.01 b.d. 0.01 b.d. 0.02 b.d. b.d. b.d.
CaO 17.85 18.84 18.81 17.58 18.41 17.09 17.26 17.04 17.19 16.44 7.16 4.17 0.71
N% 0 1.24 0.85 0.88 1.64 0.99 1.97 1.90 1.85 1.84 2.22 7.38 9.06 11.14
K; 0 b.d. 0.02 0.03 0.03 b.d. 0.02 0.03 0.04 b.d. 0.01 0.09 0.10 0.04
Total 99.88 100.05 100.17 100.28 100.07 100.44 100.46 100.02 100.04 99.98 99.48 99.41 99.35
Si 8,45 8,18 8.22 8.47 8.33 8.57 8.57 8.65 8.55 8.79 10.53 11.13 11.79
AI 7.52 7.80 7.74 7.49 7.62 7.38 7.38 7.28 7.41 7.13 5.50 4.90 4.21
Fe** 0.05 0.05 0.05 0.05 0.08 0.06 0.06 0.06 0.06 0.07 0,02 0,02 0.05
Mn - - ■ 0.00 - 0.00 0.00 - 0.00 - 0.00 . .

Mg 0.01 - 0.00 0.01 0.01 0.00 - 0.00 - 0.01 . . •

Ca 3.53 3.73 3.72 3.46 3.64 3.36 3.39 3.36 3.39 3.24 1.38 0.80 0.13
Na 0.45 0.31 0.31 0.59 0.36 0.70 0.68 0.66 0.66 0.79 2.57 3.12 3.81
K - 0.01 0.01 0.01 - 0.01 0.01 0.01 - 0.00 0.02 0.02 0.01
Cations 20.00 20.06 20.06 20.07 20.03 20.08 20.08 20.03 20.07 20.03 20.01 19.99 20.01
An 88.80 92.3 92.1 85.4 91.10 82.6 83.3 83.30 83.7 80.30 34.7 20.2 3.4
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Appendix B6. Plagioclase Analyses (continued)
Sample 106-2-11B3 106-2-11D2 107-1-1401 108-1-6A1 108-1-6A2 108-1-6A3 108-1-6A5 108-1-6B1 108-1-6B2 108-1-6C1 108-1-603 108-1-6D1 108-1-602 108-2-6A1
Rock Type gabbro gabbro basalt gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Location OSU OSU UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm cor gm gm gm gm gm gm gm
SIO2 57.09 62.12 50.55 44.23 44.31 44.38 44.39 43.92 44.21 44.24 44.33 44.48 44.29 45.20
AI2O3 26.34 23.91 30.66 34.88 34.82 34.68 34.48 35.08 34.72 34,96 34.80 34.57 34.65 34.46
FeO^ 0.20 0.25 0.43 0.28 0.27 0.34 0.27 0.36 0.32 0.28 0.24 0.26 0.31 0.33
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d,
MgO b.d. b.d. 0.09 0.01 0.02 0.01 0.02 0.02 0.03 0.02 0.01 0.01 0.02 0,03
CaO 8.22 5.26 13.72 19.21 18.88 18.97 18.84 18.64 18.83 19.11 18.93 19.04 18.92 17.85
N% 0 6.65 8.38 4.00 0.82 0.80 0.81 0.83 0.92 0.88 0.75 0.84 0.84 0.84 1.28
K2O 0.05 0.10 0.03 0.01 0.01 0.03 0.01 0.02 0.03 0.01 0.02 0.02 0.01 0.01
Total 98.56 100.00 99.48 99.44 99.11 99.22 98.84 98.96 99.02 99.37 99.17 99.22 99.04 99.16
SI 10.37 11.01 9.28 8.24 8.27 8.28 8.31 8.22 8.27 8.24 8.27 8.30 8.28 8.41
AI 5.63 4.99 6.63 7.65 7.65 7.62 7.60 7.73 7.64 7.67 7.65 7.59 7.63 7.55
Fe'*
Mn

0.03 0.04 0.07 0.04 0.04 0.05 0.04 0.06 0.05 0.04 0.04 0.04 0.05 0.05

Mg - - 0.03 0.00 0.01 0.00 0.01 0.01 0.01 0.01 0.00 0.00 0.01 0.01
Ca 1.60 1.00 2.70 3.83 3.78 3.79 3.78 3.74 3.77 3.81 3.78 3.81 3.79 3.56
Na 2.34 2.88 1.42 0.30 0.29 0.29 0.30 0.33 0.32 0.27 0.30 0.30 0.30 0.46
K 0.01 0.02 0.01 0.00 0.00 0.01 0.00 0.01 0.01 0.00 0.01 0.01 0.00 0.00
Cations 19.99 19.94 20.12 20.07 20.04 20.05 20.03 20.08 20.07 20.05 20.05 20.05 20.05 20.04
An 40.50 25.60 65.40 92.80 92.80 92.70 92.60 91.70 92.00 93.30 92.50 92.50 92.50 88.50
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Appendix B6. Plagioclase Analyses (continued)
Sample 108-2-6A2 108-2-6B1 108-2-682 108-2-683 108-2-601 108-2-602 108-2-603 108-2-12A1 108-2-12A2 108-2-12A3 108-2-12A4 108-2-12C2 108-2-12C3 108-2-1204
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro PG PG PG PG PG PG PG
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UolA UolA
Occurrence gm gm gm gm Inc Inc cor gm gm gm gm gm gm gm
SIO2 44,73 45.56 44.91 44.86 45.08 45.18 44.38 66.91 58.95 64.96 59.15 65.66 67.07 67.97
AI2O3 35.17 34.21 34.95 34.88 34.94 34.75 35.85 20.84 26.19 22.26 25.91 21.25 20.21 20.30
FeO^ 0.26 0.40 0.29 0.36 0.45 0.46 0.29 0.04 0.31 0.04 0.40 0.14 0.31 0.35
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. b.d. b.d. b.d. b.d. b.d. 0.01 b.d.
MgO 0.02 0.01 0.02 0.04 0.03 0.04 0.03 b.d. 0.01 b.d. 0.02 0.02 b.d. b.d.
CaO 18.93 17.80 18.19 18.47 17.70 17.70 18.40 1.48 7.95 3.10 7.73 2.03 0.87 0.88
Na2 0 0.96 1.41 1.15 1.08 1.09 1.16 0.62 10.74 6.91 9.98 7.06 10.33 10.82 11.05
K2O 0.02 0.03 0.01 0.02 0.02 0.03 0.03 0.04 0.05 0.07 0.04 0.04 0.04 0.08
Total 100.09 99.42 99.52 99.71 99.31 99.32 99.60 100.05 100.37 100.41 100.31 99.47 99.33 100.63
SI 8.27 8.46 8.33 8.32 8.37 8.39 8.22 11.72 10.50 11.40 10.54 11.59 11.82 11.83
AI 7.66 7.48 7.64 7.62 7.64 7.60 7.82 4.30 5.49 4.60 5.44 4.42 4.19 4.16
Fe** 0.04 0.06 0.05 0.06 0.07 0.07 0.05 0.01 0.05 0.01 0.06 0.02 0.05 0.05
Mn - - - - - - - - - - - - 0.00 -

Mg 0.01 0.00 0.01 0.01 0.01 0.01 0.01 - 0.00 - 0.01 0.01 . -

Ca 3.75 3.54 3.62 3.67 3.52 3.52 3.65 0.28 1.52 0.58 1.48 0.38 0.16 0.16
Na 0.34 0.51 0.41 0.39 0.39 0.42 0.22 3.65 2.39 3.40 2.44 3.54 3.70 3.73
K 0.01 0.01 0.00 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.02
Cations 20.07 20.05 20.05 20.06 20.00 20.01 19.97 19.96 19.95 20.00 19.96 19.97 19.93 19.96
An 91.50 87.30 89.70 90.30 89.90 89.20 94.10 7.10 38.80 14.60 37.60 9.80 4.20 4.20

257



Appendix 86. Plagioclase Analyses (continued)
Sample 108-2-12C5 108-2-12E2 108-2-12E3 108-2-12E4 108-3-1E1 108-3-1E2 108-3-1 FI 108-3-15A1 108-3-15A2 108-3-15A3 108-3-15B1 108-3-15B2 108-3-1501 108-3-1502
Rock Type PG PG PG PG basalt basalt basalt PG PG PG PG PG PG PG
Location UofA UolA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
Occurrence gm gm gm gm gm gm gm gm gm gm gm gm gm gm
SIO2 66,50 60.78 61.07 57.79 65.98 66.09 67.12 60.33 61.86 58.65 55.93 56.26 56.11 53.96
A IA 20.78 24.85 24.72 26.84 20.56 20.59 20.07 24.61 23.40 25.51 27.74 27.45 27.58 28.78
FeO^ 0.11 0.38 0.33 0.30 0.16 0.24 0.24 0.28 0.35 0.30 0.13 0.21 0.36 0.35
MnO 0.02 0.03 b.d. b.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d.
MgO b.d. 0.02 0.02 b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d. 0.01 0.02 0.01
CaO 1.60 6.44 6.13 8.54 1.30 1.10 0.75 5.87 4.67 6.70 9.77 9.03 9.19 11.05
N b j O 10.50 8.01 8.10 6.46 11.28 11.07 11.61 8.19 8.85 7.77 6.14 6.48 6.53 5.38
K j O 0.06 0.10 0.09 0.08 0.10 0.07 0.06 0.06 0.08 0.11 0.04 0.08 0.09 0.07
Total 99.57 100.61 100.46 100.01 99.38 99.16 99.86 99.34 99.21 99.04 99.75 99.52 99.88 99.60
Si 11.71 10,77 10,82 10.35 11.68 11.70 11.80 10.81 11.06 10.58 10.09 10.16 10.11 9.80
AI 4.31 5.19 5.16 5.66 4.28 4.29 4.16 5.19 4.93 5.42 5.89 5.84 5.85 6.16
Fe** 0.02 0.06 0.05 0.05 0.02 0.04 0.04 0.04 0.05 0.05 0.02 0.03 0.05 0.05
Mn 0.00 0.01 - - - - - - - . - . . ■

Mg ■ 0.01 0.01 - - - 0.00 - - - - 0.00 0.01 0.00
Ca 0.30 1.22 1.16 1.64 0.25 0.21 0.14 1.13 0.89 1.30 1.89 1.75 1.78 2.15
Na 3.58 2.75 2.78 2.24 3.87 3.80 3.96 2.84 3.07 2.72 2.15 2.27 2.28 1.89
K 0.01 0.02 0.02 0.02 0.02 0.02 0.01 0.01 0.02 0.03 0.01 0.02 0.02 0.02
Cations 19.93 20.02 20.00 19.95 20.12 20.06 20.10 20.02 20.01 20.08 20.04 20.06 20.10 20.07
An 7.70 30.60 29.30 42.00 5.90 5.20 3.40 28.30 22.50 32.10 46.70 43.30 43.50 53.00

256



Appendix B6. Plagioclase Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

108-3-15D3 108-3-16A1 
PG epidoslte 

UolA UolA 
gm gm

108-3-16A2 108-3-1601 108-3-1602 108-3-1603 108-3-1604 108-3-1605 108-3-1606 108-3-17A1 108-3-17A3 108-3-17A6 108-3-17A7 
epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte PG PG PG PG 

UolA UolA UolA UolA UolA UolA UolA UolA UolA UofA UofA 
gm gm cor gm gm gm gm gm rim cor rim

SIO2 60.41 67.90 68.22 67.72 67.60 67.72 67.99 68.06 68.10 55.87 66.37 61.81 61.72
AI2O3 24.48 20.02 19.71 19.68 19.52 19.69 19.97 19.94 19.84 27.61 21.16 24.18 24.64
FeO^ 0.20 0.15 0.13 0.12 0,25 0.11 0.28 0.30 0.16 0.44 0.26 0.43 0.49
MnO n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. n.d. b.d. 0.02 0.01 b.d.
MgO b.d. b.d. b.d. 0.01 0,01 b.d. o.ot 0.01 0.02 0.04 0.01 0.02 b.d.
CaO 5.86 0.14 0.08 0.08 0.08 0.16 b.d. 0.22 0.19 10.13 1.87 5.50 6.01
Na^O 8.42 11.90 11.99 11.56 11.85 11.63 11.60 11.90 11.58 5.72 10.77 8.08 8.21
KjO 0.09 0.04 0.05 0.04 0.04 0.04 0.04 0.03 0.04 0.10 0.07 0.16 0.19
Total 99.46 100.15 100.18 99.21 99.35 99.35 99.89 100.46 99.93 99.91 100.53 100.19 101.26
SI 10.81 11.87 11.92 11.93 11.92 11.92 11.90 11.87 11.92 10.08 11.61 10.95 10.86
AI 5.16 4.12 4.06 4.08 4.05 4.08 4.12 4.10 4.09 5.86 4.36 5.05 5.10
Fe** 0.03 0.02 0.02 0.02 0.04 0.02 0.04 0.04 0.02 0.07 0.04 0.06 0.07
Mn - - - - - - - - - - 0.00 0.00 -
Mg - - - 0.00 0.00 - 0.00 0.00 0.01 0.01 0,00 0.01 -
Ca 1.12 0.03 0.02 0.02 0.02 0.03 - 0.04 0.04 1.96 0.35 1.04 1.13
Na 2.92 4.03 4.06 3.95 4.05 3.97 3.94 4.03 3.93 2.00 3.65 2.78 2.80
K 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0,02 0.04 0.04
Cations 20.07 20.08 20.08 20.00 20.08 20.02 20.01 20.09 20.00 20.00 20.04 19.92 20.01
An 27.60 0.60 0.40 0.40 0.40 0.70 0.00 1.00 0.90 49.20 8.70 27.10 28.50
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Appendix B6. Plagioclase Analyses (continued)
Sample 
Rock Type 
Location 
Occurrence

108-3-17A8
PG

UofA
gm

108-3-1701 
PG 

UofA 
gm

108-3-1702
PG

UofA
gm

108-3-1703 108-3-17E1 
PG PG 

UofA UofA 
gm gm

108-3-17E2
PG

UofA
gm

110-1-5AB1
basalt
UofA

vel

110-1-5AB2
basalt
UofA

vel

110-1-5AB7
basalt
UofA

gm

110-1-15C3
basalt
UofA

gm

110-1-15C4
basalt
UofA

gm

110-1-25A3
basalt
UofA

gm

110-1-25A4
basalt
UofA

gm
SIO2 62.44 64.23 62.19 63.17 63,13 56.24 63.54 65.90 63.83 64.73 62.47 66.06 66,80
AljO, 24.24 22.66 23.84 23.33 23.45 27.41 23.15 21.95 23.25 21.32 22.83 21.96 21,56
FeÔ 0.48 0.25 0.38 0.43 0.21 0.39 0.17 0.21 0.17 0.28 0.12 0.11 0,33
MnO b.d. 0.02 b.d. b.d. b.d. 0.01 b.d. 0.02 b.d. n.d. n.d. 0.02 b,d.
MgO 0.02 b.d, 0.02 0.02 b.d. 0.05 0.01 0.03 0.03 b.d. b.d. 0.01 0,04
CaO 5.38 3.66 5.11 4.46 4.57 9.80 4.07 2.43 4.15 2.39 4.26 2.38 1,83
Na;0 8.67 9.33 8.55 9.16 8.66 5.65 9.10 10.06 9.18 9.76 8.78 10.31 10,56
K;0 0.09 0.08 0.08 0.11 0.15 0.07 0.17 0.17 0.14 0.12 0.10 0.20 0,10
Total 101.32 100.23 100.17 100.68 100.17 99.62 100.21 100.77 100.75 98.60 98.56 101,05 101,22
SI 10.95 11.31 11.01 11.12 11.14 10.15 11.21 11,50 11.20 11.54 11.20 11.50 11,60
AI 5.01 4.70 4.97 4.84 4.88 5.82 4.81 4.51 4.80 4.48 4.82 4.50 4,41
Fe'* 0.07 0.04 0.06 0.06 0.03 0,06 0.03 0.03 0.03 0.04 0.02 0.02 0,05
Mn - 0.00 - - - 0.00 - 0.00 ■ . . 0.00 .

Mg 0.01 - 0.01 0.01 - 0.01 0.00 0.01 0.01 - - 0.00 0,01
Ca 1.01 0.69 0.97 0.84 0.86 1.89 0.77 0.45 0.78 0.46 0.82 0.44 0,34
Na 2.95 3.19 2.94 3.13 2.96 1.98 3.11 3.41 3.12 3.37 3.05 3.48 3.56
K 0.02 0.02 0.02 0.03 0.03 0.02 0.04 0.04 0.03 0.03 0.02 0.04 0.02
Cations 20.02 19.94 19.97 20.03 19.91 19.93 19.96 19.96 19.97 19.92 19.93 20.00 19,98
An 25.40 17.70 24.70 21.10 22.40 48.70 19.60 11.60 19.80 11.80 21.00 11.20 8,70
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Appendix B6. Plagioclase Analyses (continued)
Sample 110-1-25A4 110-1-25A5 110-1-25A6 110-1-25C1 110-1-25C2 111-1-3D1 111-4-3B1 111-4-3B3 111-4-302 111-4-6A1 111-4-6A2 111-4-6A3 111-4-6A4 111-4-6A5
Rock Type basalt basalt basalt basalt basalt basalt gabbro gabbro gabbro gabbro gabbo gabbro gabbro gabbro
Location UofA UofA UofA UofA UofA OSU OSU OSU OSU UofA UofA UofA UofA UofA
Occurrence gm? gm gm gm gm gm gm gm gm gm gm gm gm gm
SIO2 43.85 65.95 66.34 65.76 66.86 65.73 45.30 46.79 46.40 54.51 53.68 58.20 54.79 55.25
AI2O3 36.00 22.07 21,87 21.55 21.03 20.63 35.32 32.78 33.43 29.64 29.77 27.02 29.43 29.03
FeO^ 0.46 0.23 0.18 0.20 0.10 0.33 0.32 0.30 0.32 0.39 0.49 0.28 0.29 0.36
MnO 0,02 0.01 b.d. 0.01 0.01 n.d. n.d. n.d. n.d. 0.02 b.d, b.d. b.d. b.d,
MgO 0.05 0.02 b.d. 0,03 0.01 0.09 b.d. 0.06 0.03 0.03 0.05 b.d. 0.02 0.03
CaO 18.77 2.40 2,35 2.16 1.61 1.33 18.35 16.28 16.15 11.55 12.00 8.61 11.27 10.81
Na2 0 0.45 10.29 10.51 10.57 10.91 10.38 1.05 2.59 2.27 4.95 4.61 6.73 5.06 5.20
K; 0 0.03 0.17 0.13 0.10 0.12 0.07 0.04 0.04 0.04 0.18 0.14 0.31 0.22 0.23
Total 99.63 101.14 101.38 100.38 100.65 98.54 100.39 98.82 98.62 101.27 100.74 101.15 101.08 100.91

SI 8.14 11.48 11.52 11,53 11.67 11.69 8.33 8.71 8.65 9.74 9.66 10.33 9.79 9.88
AI 7.87 4.53 4.47 4.45 4.32 4.32 7.65 7.19 7.34 6.24 6.31 5.65 6.20 6.11
Fe** 0.07 0.03 0.03 0.03 0.02 0.05 0.05 0.05 0.05 0.06 0.07 0.04 0.04 0.05
Mn 0.00 0.00 - 0.00 0.00 - - - - 0.00 - - - -
Mg 0.01 0.01 - 0.01 0.00 0.02 - 0.02 0.01 0.01 0.01 - 0.01 0.01
Ca 3.73 0.45 0.44 0.41 0.30 0.25 3.62 3.25 3.22 2.21 2.31 1.64 2.16 2.07
Na 0.16 3.47 3.54 3.59 3.69 3.58 0.38 0.93 0,82 1.72 1.61 2,32 1.75 1.80
K 0.01 0.04 0.03 0.02 0.03 0.02 0.01 0.01 0.01 0.04 0.03 0,07 0.05 0,05
Gallon# 20.00 20.01 20.02 20.04 20.03 19.94 20.03 20.15 20.09 20.01 20.00 20.04 20.00 19.98
An 95.70 11.30 10.90 10.10 7.50 6.60 90.40 77.50 79.50 55.70 58.50 40.70 54.50 52.80
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Sample 
Rock Type 
Location 
Occurrence

111-4-6A6
gabbro

UofA
gm

111-4-6B5
gabbro

UofA
gm

111-4-6B6
gabbro

UofA
gm

111-4-6B7
gabbro

UofA
gm

111-4-603
gabbro

UofA
gm

111-4-604 113-1-IOcl 113-M0C2 113-1-10c3 113-MOdl 113-1-10d2 
gabbro basalt basalt basalt basalt basalt 

UofA OSU OSU OSU osu OSU 
gm gm gm gm qm qm

113-1-10d3 113-1-20A2 113-1-20A3 
basalt basalt basalt 
OSU UofA UofA 

gm gm gm
SIC: 55,39 54.19 57.20 54.29 53.60 54.20 68.33 67.56 68.18 67.57 67.41 68.04 66.33 66.05
AIA 29.06 29.81 27.47 29.54 29.92 29.56 19.94 19.82 19.96 20.04 19.91 20.31 20.11 21.22
FeO^ 0.49 0.37 0.42 0.31 0.46 0.47 0.11 0.09 0.18 0.36 0.21 0.19 0.14 0.21
MnO 0.01 b.d. b.d. 0.02 0.01 0.03 n.d. n.d. n.d. n.d. n.d. n.d. n.d, n.d,
MgO 0.04 0.01 0.05 0.02 0.04 0.05 b.d. 0.02 0.01 b.d. 0.07 b.d. b.d. 0.01
CaO 10.79 12.02 9.41 11.81 12.14 11.75 0.14 0.17 0.25 0.25 0.38 0.46 1.15 1.58
NajO 5.18 4.56 6.02 4.96 4.56 4.73 10.79 11.59 11.23 11.41 11.08 10.95 10.85 11.24
KjO 0.22 0.19 0.26 0.19 0.18 0.18 0.03 0.01 0.06 0.03 0.04 0.09 0.08 0.18
Total 101.18 101.15 100.83 101.14 100.91 100.97 99.34 99.27 99.87 99.66 99.10 100.04 98.66 100.49
SI 9.88 9.70 10.20 9.72 9.63 9.72 11.97 11.90 11.92 11.87 11.89 11.88 11.78 11.58
AI 6.11 6.28 5.77 6.23 6.33 6.24 4.11 4.11 4.11 4.14 4.13 4.18 4.21 4.38
Fe** 0.07 0.06 0.06 0.05 0.07 0.07 0.02 0.01 0.03 0.05 0.03 0.03 0.02 0.03
Mn 0.00 - - 0.00 0.00 0.01 . . . .
Mg 0.01 0.00 0.01 0.01 0.01 0.01 - 0.01 0.00 . 0,02 0.00
Ca 2.06 2.30 1.80 2.27 2.34 2.26 0.03 0.03 0.05 0.05 0.07 0.09 0.22 0.30
Na 1.79 1.58 2.08 1.72 1.59 1.65 3.67 3.96 3.81 3.88 3.79 3.71 3.74 3.82
K 0.05 0.04 0.06 0.04 0.04 0.04 0.01 0.00 0.01 0.01 0.01 0.02 0.02 0.04
Cations 19,98 19.97 19.98 20.04 20.01 19.99 19.80 20.02 19.93 20.00 19.94 19.89 19.99 20.15
An 52.80 58.60 45.70 56.20 58.90 57.20 0.70 0.80 1.20 1.20 1.90 2.30 5.50 7.10
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Appendix
Sample 
Rock Type 
Location 
Occurrence

113-2-11 A3 113-2-11A4 113-2-11B1 113-2-11B2 113-2-11B3 113-2-11B4 113-2-1101 113-2-1102
gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro 

UolA UoiA U0IA U0IA UotA UolA UofA UofA 
gm gm gm gm gm gm gm gm

SIO2 46.37 48.40 48.50 48.28 48.02 48.48 48.24 48,39
AI2O3 34,87 34.70 34.81 34.45 34.98 34.85 34,83 34.64
FeÔ 0.41 0.48 0,48 0.44 0,49 0.45 0.49 0,47
MnO b.d. b.d. 0.01 0.01 0,01 b.d. b.d. b,d.
MgO 0.12 0.09 0.06 0,11 0.09 0.18 0.08 0,08
CaO 17,90 17.90 17.80 17.88 18.21 17.87 17.94 18,05
NSjO 1,22 1.17 1.28 1.19 0.97 1.22 1.18 1,15
K;0 0.02 0.01 b.d. 0.04 0.01 0.01 0.03 0,04
Total 100.91 100.75 100.94 100.36 100.76 100.84 100.57 100,80
SI 8,47 8.48 8.49 8.49 8.42 8.49 8.47 8,48
AI 7.50 7.47 7.48 7.45 7.53 7.45 7.47 7,48
Fe'* 0.08 0.07 0.07 0.07 0.08 0.07 0.08 0.07
Mn - - 0.00 0.00 0.00 - - -

Mg 0.03 0.03 0.02 0.03 0.03 0.04 0.02 0.02
Ca 3.50 3.51 3.48 3.51 3.57 3.50 3.52 3.54
Na 0.43 0.42 0.45 0.42 0.34 0.43 0.41 0.41
K 0.01 0.00 • 0.01 0.00 0.00 0,01 0.01
Cations 20.00 19.98 19.99 19.99 19.97 19.99 19,99 19.98
An 88.90 89.40 88.50 89.00 91.20 89.00 89,40 89.50
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Appendix B7. Amphibole Analyses (recalculated on the basis of 23 anhydrous 0)
Sample 
Occurrence 
Rock Type 
Analysis 
Location

90-4-3A1
patchy
gabbro

ave
UofA

90-4-3A2
patchy
gabbro

ave
UofA

90-4-3A3 90-4-3A4 90-4-304 
patchy patchy patchy 
gabbro gabbro gabbro 

ave ave ave 
UofA UofA UofA

90-4-305
patchy
gabbro

ave
UofA

90-4-306
patchy
gabbro

ave
UofA

90-4-703 94-1-1A1 94-1-1A2 94-1-1B1 94-1-1B2 94-1-101 94-1-102 94-1-1D1 94-1-2A1 
patchy after cpx after cpx after cpx cpx Inc after cpx after cpx after cpx patchy 
gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro 

ave 15NK ave 15NK ave ave 15NK ave 15NK 
OSU OSU OSU OSU OSU OSU OSU OSU OSU

èlQj 46.47 45.30 48.00 49.82 44.81 43.94 44.97 52.58 48.54 48.08 50.77 47.03 47.80 50.32 47.91 54.08
TIOj 0.16 0.15 0.16 0.18 0.03 0.04 0.02 0.22 0.90 0.73 0.28 1.82 0,64 0.08 0.40 0.04
AI2OJ 10.14 11.41 9.30 7.00 12.51 13.09 11.85 5.03 5.16 7.53 4.10 7.58 7.02 6.03 6.60 1.74
FeÔ 9.81 10.14 9.65 8.49 10.67 10.92 10.60 7.06 14.48 13.63 15.18 13.78 13.37 14.87 14.51 13,88
CfjOs 0.01 b.d. b.d. b.d. b.d. b.d. b.d. 0.04 0.09 0.04 b.d. 0.08 b.d. b.d. 0.03 0.01
MnO 0.18 0.16 0.15 0.13 0.19 0.19 0.17 0.04 0.25 0.15 0,28 0.15 0.19 0.33 0.24 0.32
MgO 15.79 14,91 15.92 17.23 14.87 14.37 14.97 18.65 14.91 14.55 15.64 14.64 15.07 15.38 14,65 15.99
CaO 12.34 12.28 12.44 12.68 12.02 12.12 11.94 12.68 11.33 11.81 10.73 11.66 11.53 10.72 11,28 12.03
N%0 1.65 1.92 1,36 0.91 2.06 2.24 1.85 0.36 0.84 1,26 0.69 1,60 1.13 0.83 1,15 0.13
K,0 0.07 0.08 0.10 0.08 0.09 0.13 0.11 0.03 0.14 0,11 0.06 0,11 0.09 0.05 0,15 b.d.
F b.d. b.d. b.d. b.d, b.d. b.d. b.d. 0.20 b.d. 0.07 0.04 0,09 0.04 0.05 0,04 0.03
01 0.02 0.01 b.d. b.d. 0.01 0.05 0.04 0.08 0.21 0.40 0,15 0,34 0.22 0.08 0.64 0.02
Total 96.63 96.36 97.08 96.52 97.26 97.09 96.52 96.92 96.76 98.32 97.92 98,80 97.09 98.73 97.55 98.27
SI 6.70 6.59 6.88 7.12 6.45 6.37 6.51 7.42 7,14 6.93 7.35 6.78 6.93 7.22 6.97 7,74
At" 1.30 1.41 1.12 0.88 1.55 1.63 1.49 0.58 0.87 1.07 0,65 1.22 1.07 0.78 1.03 0,26
AI" 0.43 0.54 0.45 0.30 0.57 0.60 0.53 0.25 0.03 0.21 0.05 0.07 0.13 0.23 0.10 0,04
Or 0.00 - - - - • - 0.00 0.01 0.00 - 0.01 - ■ 0.00 0.00
Fe'* 0.46 0.38 0.34 0.33 0.54 0.50 0.57 0.27 0.36 0.51 0.33 0.50 0.69 0.29 0.75 0.18
Tl 0.02 0.02 0.02 0.02 0.00 0.00 0.00 0.02 0.10 0.08 0.03 0.20 0.07 0.01 0.04 0.01
Mg 3.40 3.23 3.40 3.67 3.19 3.10 3.23 3.92 3.27 3.13 3.38 3.14 3.26 3.29 3.18 3.41
Fe** 0.72 0.86 0.82 0.69 0.74 0.83 0.71 0.57 1.42 1.13 1.51 1.16 0.93 1.49 1,01 1,49
Mn 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.01 0.03 0.02 0.03 0.02 0.02 0.04 0,03 0,04
Ca 1.91 1.91 1.91 1.94 1.85 1.88 1.85 1,92 1,78 1.82 1,67 1,80 1,79 1.65 1,76 1,85
Na 0.462 0.542 0.378 0.253 0.575 0.629 0.52 0,099 0.241 0.351 0.194 0,448 0.319 0.23 0.323 0,037
K 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.00 0.03 0.02 0.01 0,02 0.02 0.01 0,03 -

Cations 15.43 15.51 15.35 15.24 15.51 15.59 15.46 15.06 15.27 15.28 15.21 15,36 15.22 15,24 15,22 15,04
Cl 0.01 0.00 - - 0.00 0.01 0.01 0.02 0.05 0.10 0.04 0,08 0.05 0,02 0.16 0,00
F • - - - - - - 0.09 - 0.03 0.02 0,04 0.02 0.02 0.02 0,01

Notes; Amphilwle analyses recalculated using ttre 15 NK and ttie average o( ttie 13 CNK and 15 NK methods outlined In Robinson (1982] In order to satisly 
crystal-chemical limits; ave=average of 13 CNK and 15 NK methods; b.d. = below detection; cpx = cllnopyroxene; vel = vein; Inc = Inclusion; Int = Intergranular.
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Appendix B7. Amphibole Analyses (continued)
Sample 94-1-2B1 94-1-2B1 94-1-2B2 94-1-2B2 94-1-2B3 94-1-2B5 94-1-201 94-1-202 94-1-2D1 94-1-202 94-1-2E1 94-1-2E2 94-1-3A1 94-1-3B1 94-1-3C1 94-1-3C2
Occurrence vel vel Int vel vel vel after cpx cpx rim Int Int cpx Inc after cpx after cpx after cpx cpx rim after cpx
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis ave ave ave ave 15N ave 15NK ave ave ave ave 15NK 15NK 15NK 15NK 15NK
Location OSU UolA OSU UofA UofA UofA OSU OSU OSU OSU OSU OSU OSU OSU OSU OSU
SIO; 47.91 48.02 47,57 48.34 49.91 47.81 49.73 51.44 46.02 44,10 44.63 48.80 49.46 50.48 49,41 49.44
TiOj 0.34 0.50 0.65 0.66 0.40 0.56 0.73 0.41 0.50 0.70 2.67 0.35 0.93 0.81 0,97 0.85
AI2O3 7.33 7.62 7.58 6.90 6.23 6,03 4.89 5.77 6.96 8.42 9.48 6.68 5.03 4,67 5,84 5.76
FeO' 13.35 11.82 13.53 11.93 10.98 16.96 11.26 11.09 18.87 18.50 10.99 11.74 12.63 13,15 13,41 13.57
CfjOs b.d. 0.02 0.03 0.04 0.01 0.02 0.02 b.d. b.d. b.d. 0.10 0.03 0.01 b,d. b,d. 0.02
MnO 0.24 0.20 0.23 0.25 0.27 0.19 0.19 0.25 0.19 0.26 0.13 0.35 0.14 0,17 0,21 0.18
MgO 15.50 15.65 14.58 15.47 16.68 12.36 16.95 17.56 10.82 11.04 15.68 16.89 16.28 15,88 15,81 15.78
CaO 10.97 10.93 11.59 11.30 10.80 11,65 11,76 11.26 11,63 11,71 11.72 10.94 11.44 11,28 11,59 11,33
N% 0 1.30 1.47 1.29 1.34 1.08 0.74 0.81 0.90 1.15 1.28 1.96 1.29 0.84 0,76 0,99 0,98
KiO 0.02 0.05 0.03 0.04 0.07 0.29 0.11 0.01 0.05 0.06 b.d. 0.03 0.20 0,18 0,20 0,17
F 0.03 b.d. b.d. b.d. b.d. b.d. 0.03 b.d, 0.06 0.08 0.34 b.d. 0.05 0,10 0,09 0,12
Cl 0.09 0.09 0.11 0.07 0.05 0.32 0.05 0,08 0.31 0.25 0.10 0.09 0.29 0,31 0,28 0,24
Total 97.08 96.35 97.16 96.30 96.47 96.91 96.50 98,77 96.54 96.39 97.70 97.17 97.28 97,79 98,77 98,43
SI 6.90 6,95 6.90 7.02 7.24 7.09 7.21 7,18 6.93 6.64 6.45 7.04 7.18 7,32 7,10 7,13
AI'" 1.10 1.05 1.10 0.98 0.76 0.91 0,79 0,82 1.07 1.36 1.55 0.96 0.82 0,68 0,90 0,87
Al'" 0.14 0.25 0.20 0.21 0.30 0.14 0.04 0,13 0.17 0.13 0.06 0.18 0.04 0,11 0,09 0,11
Cr ■ 0.00 0.00 0.01 0.00 0.00 0.00 - • - 0.01 0.00 0.00 - - 0.00
Fe’* 0.84 0.58 0.60 0.49 0.05 0.53 0.34 0,70 0.57 0.81 0,54 0.34 0.30 0,15 0,29 0.27
n 0.04 0.05 0.07 0.07 0.04 0.06 0.08 0,04 0.06 0.08 0,29 0.04 0.10 0,09 0.10 0.09
Mg 3.33 3.38 3.15 3.35 3.61 2.73 3.66 3,66 2.43 2.48 3,38 3.63 3.52 3,43 3.39 3.39
Fe'* 0.76 0.85 1.04 0.96 1.28 1.58 1.02 0,60 1,81 1.52 0,79 1.08 1.24 1,45 1.32 1.36
Mn 0.03 0.02 0.03 0.03 0.03 0.02 0.02 0,03 0,02 0.03 0,02 0.04 0.02 0,02 0.03 0.02
Ca 1.69 1.70 1.80 1.76 1.68 1,85 1.83 1,68 1,88 1,89 1,82 1.69 1.78 1,75 1.78 1.75
Na 0.362 0.41 0.361 0.38 0.30 0.21 0.226 0,244 0,335 0,373 0,549 0.36 0.237 0,214 0.276 0.275
K 0.00 0.01 0.01 0.01 0.01 0,06 0.02 0,00 0,01 0,01 - 0.01 0.04 0,03 0.04 0,03
Cations 15.20 15.26 15.26 15.26 15.32 15.19 15.25 15.08 15.28 15.33 15.45 15.37 15.27 15,25 15,31 15,31
Cl 0.02 0.02 0.03 0.02 0.01 0.08 0.01 0.02 0.08 0.06 0,02 0.02 0.07 0,08 0,07 0,06
F 0.01 - - - - - 0.01 • 0.03 0.04 0,15 - 0.03 0,05 0.04 0,06
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Appendix B7. Amphibole Analyses (continued)
Sample 
Occurrence 
Rock Type 
Analysis 
Location

94-1-3D1 
after cpx 

gabbro 
ave 

OSU

94-1-3E1 
after cpx 

gabbro 
15NK 
OSU

94-1-3E2 94-1-3E3 96-1-3A1 96-1-3A2 
after cpx after cpx patctiy patctiy 

gabbro gabbro PG PG 
15NK 15NK ave 15NK 
OSU OSU UofA UofA

96-1-3A3
patchy

PG
15NK
UofA

96-1-3B1 96-1-362 96-1-363 
after cpx after cpx after cpx 

PG PG PG 
15NK 15NK ave 
UofA UofA UofA

96-1-5A2 96-1-5A4 96-1-5A5 96-1-561 96-1-563 96-1-564 
after cpx after cpx after cpx after cpx after cpx after cpx 

PG PG PG PG PG PG 
15NK 15NK 15NK 15NK 15NK ave 
UofA UofA UofA UofA UofA UofA

SiOg 46.76 48.01 49.50 47.73 41.98 48.81 49.93 44.32 45.33 45.87 46.07 46.47 45.55 45.35 47.55 45.33
TIO2 1,27 0.45 1.15 1.03 0.12 0.37 0.28 1.32 0.90 0.77 1.17 1.12 0.82 0.69 0.37 0.32
AI2 O3 7.55 8.33 5.51 6.65 11.94 2.51 1.87 6.08 4.90 4.83 4.48 4.14 4.46 4.31 2.53 7.36
FeO^ 14.10 13.34 13.16 14.56 25.39 28.70 30.10 28.95 29.30 29.57 27.10 26.57 30.91 31.08 33.48 24.41
Cr203 0.03 b.d. b.d. 0.03 0.01 b.d. b.d. b.d. 0.01 b.d. 0.02 0.02 0.03 b.d. b.d. b.d.
MnO 0.25 0.35 0.20 0.20 0.35 0.38 0.42 0.54 0.54 0.50 0.48 0.42 0.42 0.39 0.40 0.20
MgO 14.61 15.39 16.20 14.79 5.15 5.89 5.84 4.92 4.76 4.22 6.70 6.57 3.60 3.39 3.20 7.97
CaO 11.69 10.63 11.80 11.33 10.94 10.28 9.63 9.82 9.93 10.13 9.96 10.05 9.90 10.17 9.34 11.19
Na2 0 1.24 1.45 0.90 1.09 1.24 0.38 0.35 2.04 1.71 1.41 1.39 1.25 0.80 0.73 0.36 1.15
K2O 0.33 0.06 0.20 0.28 0.14 0.20 0.17 0.73 0.62 0.62 0.55 0.50 0.35 0.37 0.15 0.17
F 0.01 b.d. 0.03 b.d. 0.11 0.14 0.19 0.58 0.50 0.22 b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.41 0.11 0.24 0.36 0.22 0.21 0.19 0.35 0.35 0.52 0.40 0.35 0.57 0.55 0.32 0.33
Total 98.21 98.12 98.88 98.01 97.58 97.87 98.97 99.65 98.84 98.66 98.30 97.44 97.38 97.03 97.70 98.43
SI 6.77 6.93 7.08 6.96 6.44 7.61 7.73 7,00 7.20 7.21 7.20 7,31 7.30 7.30 7.59 6.84
At" 1,23 1,07 0.92 1,04 1,56 0.39 0,27 1,00 0.80 0.79 0.80 0,69 0.70 0.70 0.41 1.16
AI" 0.06 0.34 0.01 0,10 0,60 0.08 0.07 0,13 0.11 0.10 0.03 0.08 0.14 0.11 0.07 0.15
Cr 0.00 ■ - 0.00 0.00 - - - 0.00 - 0.00 0.00 0.00 . .
Fe^' 0.69 0.21 0.37 0.35 0.75 0.07 0.00 0.00 0.00 0.37 0.00 0.00 0.04 0.12 0.11 0.77
n 0.14 0.05 0.12 0.11 0.01 0.04 0.03 0.16 0.11 0.09 0.14 0.13 0.10 0.08 0.04 0.04
Mg 3.15 3.31 3.46 3.21 1.18 1.37 1.35 1.16 1.13 0.99 1.56 1.54 0.86 0.81 0.76 1.79
Fe'* 1.02 1.40 1.20 1.42 2.51 3.67 3.90 3.82 3.89 3.52 3.54 3.50 4.10 4.06 4.37 2.32
Mn 0.03 0.04 0.02 0.02 0.05 0.05 0.06 0.07 0.07 0.07 0.06 0.06 0.06 0.05 0.05 0.03
Ca 1.81 1.64 1.81 1.77 1.80 1.72 1.60 1.66 1.69 1.71 1.67 1.69 1.70 1.75 1.60 1.81
Na 0.349 0.406 0.249 0.307 0.369 0.115 0.105 0.625 0.526 0.43 0.421 0.381 0.249 0.228 0.111 0.336
K 0.06 0.01 0.04 0.05 0.03 0.04 0.03 0.15 0.13 0.12 0.11 0.10 0.07 0.08 0.03 0.03
Cations 15.31 15.42 15.29 15.36 15.29 15.16 15.14 15.77 15.65 15.40 15.53 15.48 15.32 15.30 15.14 15.27
Cl 0.10 0.03 0.06 0.09 0.06 0.06 0.05 0.09 0.09 0.14 0.11 0.09 0.16 0.15 0.09 0.08
F 0.01 ■ 0.01 - 0.05 0.07 0.09 0.29 0.25 0.11 - - - - - -
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Sample 96-1-585 96-1-586 96-1-5D3 96-1-5D4 96-2-13a5 99-1-21A1 99-1-21A2 99-1-21A3 99-1-21B1 99-1-21B2 99-1-21B3 99-1-21B4 99-1-21B5 99-1-2101 99-1-21C2
Occurrence after cpx after cpx alter cpx after cpx patchy cpx rim cpx rim cpx rim vel vel vel patchy patchy cpx rim cpx rim
Rock Type PG PG PG PG PG gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis 15NK 15NK 15NK 15NK 15NK ave 15NK ave ave ave ave 15NK 15NK ave ave
Location UofA UofA UofA UofA OSU UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
616, 48.79 44.80 48.98 48.27 52.57 43.68 51.72 49.97 49.07 48.27 48,60 50,78 51,34 43,61 42.72
TiOj 0.29 1,65 0.47 0.79 0.48 1,72 0.21 0.40 0.25 0.32 0.63 0,26 0,31 2,52 2,60
AI2 0 3 4.35 6.13 1.82 3.09 3.65 11.63 4,84 6.84 7.71 8.11 6,97 5,72 5,15 11,38 11,93
FeO' 22.54 26.29 27.20 27,91 11.97 10,61 7.74 7,89 9.84 10,23 10.25 8,27 7,64 9,67 10.01
C^O) b.d. b.d. b.d. b.d. 0.02 0.04 0.04 0,07 b.d. b.d. 0,12 0,07 0,06 0,10 0,10
MnO 0.21 0.41 0.34 0.38 0.55 0.13 0.21 0.16 0.23 0,27 0.16 0,19 0,19 0,07 0,09
MgO 9.61 6.73 6.80 6.41 16.39 14.88 19.47 18.28 16.92 16.64 16,58 19,17 19,21 15,41 14,99
CaO 11.27 9.52 9.97 10.54 12.05 11.89 11.56 12.35 11.59 11,26 12,07 10,79 11,59 11,75 11,58
N%0 0.54 0.95 0.47 0,44 0,60 2,00 0,80 1,23 1.29 1,55 1,12 0,94 0,88 1,97 2.11
KjO 0,08 0.60 0.26 0,44 0.02 0.19 0,03 0,05 0.04 0.04 0,06 0.03 0,06 0,13 0,16
F b.d. b.d. b.d. b.d. b.d. b.d. b,d. b,d. b.d, b,d, b,d. b.d. b,d. b,d. b,d.
Cl 0.11 0.38 0.17 0,22 0,01 0,11 0,02 b,d. 0,04 0,03 0,03 0.03 0.02 0,10 0,11
Total 97.79 97.46 96.48 98,49 98,30 96.84 96,60 97,17 96,98 96.72 96,47 96,18 96,39 96,61 96,30
SI 7.35 7.01 7.71 7.46 7,51 6.35 7,34 7,07 6,99 6,91 6.99 7,26 7,31 6,33 6,24

0.65 0.99 0.29 0.54 0.50 1.65 0,66 0,93 1,01 1.09 1.01 0,75 0,69 1,67 1,76
A r 0,12 0.14 0.04 0.03 0.12 0.34 0.15 0.20 0,29 0.28 0.17 0,22 0,18 0,28 0,29
Cr ■ - - - 0.00 0.01 0.00 0.01 - • 0.01 0,01 0,01 0,01 0,01
Fe®* 0.29 0,05 0.00 0.11 0.10 0.48 0.23 0.43 0,55 0.59 0.51 0,20 0,18 0,44 0,46
Tl 0.03 0.19 0.06 0.09 0.05 0.19 0.02 0.04 0,03 0.03 0.07 0,03 0,03 0,28 0,29
Mg 2.16 1.57 1.60 1.48 3.49 3.23 4.12 3.85 3,59 3.55 3.56 4.08 4,08 3,34 3,26
Fe'* 2.55 3.39 3.58 3.50 1.33 0.81 0.69 0,51 0.62 0.64 0,73 0.79 0,73 0,74 0.77
Mn 0.03 0,05 0.05 0.05 0,07 0,02 0.03 0.02 0.03 0.03 0,02 0.02 0,02 0,01 0.01
Ca 1.82 1.60 1,68 1.75 1.84 1.85 1.76 1.87 1.77 1.73 1.86 1.65 1.77 1,83 1.81
Na 0.158 0.288 0,143 0.132 0,166 0.564 0.22 0.337 0.357 0.43 0.312 0.26 0.243 0,555 0.598
K 0.02 0.12 0,05 0.09 0,00 0.04 0.01 0.01 0,01 0.01 0.01 0.01 0.01 0,02 0.03
Cations 15.17 15.41 15.20 15.22 15,17 15.52 15.23 15.28 15.24 15.29 15.25 15.27 15.25 15.49 15.53
Cl 0.03 0,10 0.05 0.06 0,00 0.03 0.01 - 0.01 0.01 0,01 0.01 0.01 0.03 0.03
F - - - - - - - - - - - - - -
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Appendix B7. Amphibole Analyses (continued)
Sample 99-1.21 D1 99-1-2102 99-1-2103 99-1-2104 99-1-30A1 99-1-30A4 99-1-30A5 99-1-30A6 99-1-30B1 99-1-30B2 99-1-30B3 99-1-30B4 99-1-30C1 99-1-30C2 99-1-30C4
Occurrence vel vel vei vel patchy cpx rim cpx rim cpx rim cpx rim cpx rim cpx rim cpx rim cpx Inc cpx Inc patchy
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis ave ave ave ave ave ave ave ave 15NK 15NK ave ave 15NK 15NK ave
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
SIO2 50.40 49.04 52.93 51.61 50.19 43.65 43.93 44.03 54.93 53.69 43.81 43.50 54.89 54.51 51.45
TiOj 0,59 0.36 0.25 0.65 0.05 1.98 1.91 1.94 0.16 0.17 1.88 2.30 0.21 0.14 b.d.
AljOj 6.54 6.83 3.23 4.75 6,24 11.65 11.51 11.17 2.07 3.33 11.51 11.10 1.62 1.99 5.43
FeO^ 9.74 9.69 9.25 8.35 9.22 9.06 9.21 9.36 6.69 7.32 9.48 9.54 7.87 5.06 8.79
CrjOj 0.11 0.02 0.19 0.10 b.d. 0.25 0.27 0.27 0.10 0.09 0.17 0.21 0.13 0.14 0.02
MnO 0.21 0.18 0.30 0.20 0.22 0.09 0.09 0.10 0.25 0.23 0.09 0.09 0.34 0.22 0.25
MgO 16.95 16.86 18.00 18.42 17.60 15.80 15.78 15.65 20.14 19.14 15.67 15.70 19.91 21.14 17.94
CaO 12.27 12.31 12.44 12.07 11.95 11.54 11.64 11.73 12.23 12.55 11.71 11.55 11,69 12.49 12.03
Na^O 1.05 1.08 0.43 0.75 1.11 1.92 2.03 2.13 0.24 0.35 1.93 2.26 0.27 0.33 0.90
K,0 0.05 0.04 0.04 0.02 0.05 0.17 0.13 0.17 0.02 0.02 0.19 0.17 0.02 0.01 0.02
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.01 0.04 0.01 0.02 b.d. 0.10 0.11 0.11 b.d. b.d. 0.13 0.13 b.d. b.d. 0.02
Total 97.01 96.43 96.88 96.84 96.63 95.96 96.34 96.39 96.73 96.80 96.40 96.34 96.82 95.89 96.83
SI 7.14 7.05 7.52 7.31 7.16 6.33 6.36 6.39 7.74 7.59 6.35 6.33 7.76 7.69 7.30
A r 0.66 0.95 0.48 0.69 0.84 1.67 1.64 1.61 0.26 0.41 1.65 1.67 0.24 0.31 0.70
Al" 0.23 0.21 0.06 0.10 0.21 0.32 0.32 0.30 0.08 0.14 0.31 0.24 0.03 0.02 0.21
Cr 0.01 0.00 0.02 0.01 - 0.03 0.03 0.03 0.01 0.01 0.02 0.02 0.02 0.02 0.00
Fe®* 0.34 0.47 0.34 0.42 0.49 0.53 0.49 0.41 0.07 0.12 0.52 0.44 0.08 0,16 0.42
Tl 0.06 0.04 0.03 0.07 0.01 0.22 0.21 0.21 0.02 0.02 0.21 0.25 0.02 0.02 -
Mg 3.58 3.61 3.81 3.89 3.74 3.42 3.41 3.39 4.23 4.03 3.39 3.41 4.20 4.44 3.80
Fe** 0.81 0.70 0.76 0.57 0.61 0.57 0.63 0.73 0.72 0.75 0.63 0.72 0.85 0.44 0.63
Mn 0.03 0.02 0.04 0.02 0.03 0.01 0.01 0.01 0.03 0.03 0.01 0.01 0.04 0.03 0.03
Ca 1.86 1.90 1.89 1.83 1.83 1.79 1.81 1.83 1.85 1.90 1.82 1.80 1.77 1.89 1.83
Na 0.288 0.301 0.118 0.206 0.307 0,541 0.57 0.599 0.066 0.096 0.543 0.638 0.074 0.09 0.248
K 0.01 0.01 0.01 0.00 0.01 0.03 0.02 0.03 0.00 0.00 0.04 0.03 0.00 0.00 0.00
Cations 15.22 15.25 15.07 15.12 15.22 15.46 15.49 15.54 15.07 15.10 15.48 15.56 15.08 15.09 15.16
Cl 0.00 0.01 0.00 0.01 - 0.03 0.03 0.03 - - 0.03 0.03 - - 0.01
F - - • - - - - - - - - - - - -
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Appendix B7. Amphibole Analyses (continued)
Sample 99-1-3005 99-2-12A2 99-2-12A3 99-2-1201 99-2-12C3 99-2-12C4 99-2-1A1 99-2-1A2 99-2-1A3 99-2-1A4 99-2-1B1 99-2-1B3 99-2-1B5 99-2-1B6 99-2-101 99-2-102
Occurrence patchy patchy patchy patchy patchy patchy vei vei vei vei vei vei cpx rim cpx rim vei vei
Rock Type gabbro basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt basalt
Analysis ave 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK
Location UolA UolA UolA UolA UolA UolA UotA UolA UolA UolA UolA UolA UolA UolA UolA UolA
6 iO; 52.04 52.36 52.50 52.19 52.24 52.99 50.97 49.70 51.24 51,50 53,28 53,51 53.70 49.54 50,07 50.90
TiOj 0.06 0.10 0.05 0.05 0.06 0.04 0.30 0.23 0.24 0.23 0.61 0.31 0,47 0.21 0,35 0.47
AI2O3 4.61 2.06 1.55 2.22 1.70 3.16 5.94 6.45 5.92 5.27 2.65 2.79 2.89 7.04 6,48 5.09
FeO^ 8.28 16.29 15.62 18.08 17.38 16.39 10.47 10.84 9.77 9.97 9.77 10.21 9.96 11.47 10,97 10.92
CrjOj b.d. 0.02 b.d. 0.02 b.d. b.d. b.d. b.d. 0.02 0.01 0.03 0.04 0.03 0.04 0.02 0.06
MnO 0.23 0.78 0.69 0.88 0.93 0.82 0.22 0.22 0.25 0.27 0.23 0.24 0.28 0.25 0.27 0.38
MgO 18.60 13.34 13.48 12.21 12.47 11.61 16.91 16.58 16.73 16.89 17.50 17,68 17.78 15.66 17,03 17,01
CaO 12.20 12.02 12.10 12.15 12.06 11.25 11.69 11.40 11.50 11.88 12.33 12,49 12.09 11.84 10,78 10,66
N%0 0.74 0.13 0,17 0.16 0.19 0.71 0.67 0.75 0.58 0.51 0.15 0,18 0.23 0,61 0,84 0,53
KjO 0.04 0.04 0.06 0.06 0.05 0.06 0.02 0.03 0.03 0.02 0.02 0,02 0.03 0,03 0,01 0,02
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b,d. b.d. b,d.
Cl 0.03 0.01 0.02 0.02 b.d. 0.02 0.02 0.02 0.03 0.02 0.01 0.03 0.01 0,02 0.03 0,02
Total 96.83 97.13 96.24 98.02 97.08 97.05 97.21 96,22 96.29 96.56 96.55 97.46 97.44 96,67 96.83 96,00
SI 7.36 7.71 7.79 7.68 7.75 7.91 7.29 7,19 7.39 7.40 7.64 7.61 7,64 7,16 7.20 7,38
A f 0.64 0.29 0.21 0.32 0.25 0.09 0.71 0.81 0.61 0.60 0.36 0.40 0,37 0,85 0.80 0,63
AI" 0.13 0.06 0.06 0.06 0.05 0.46 0.29 0.29 0.39 0.29 0.09 0.07 0,12 0,35 0.30 0.24
Cr - 0.00 - 0.00 - - - - 0.00 0.00 0.00 0.00 0,00 0,01 0.00 0.01
Fe** 0.44 0.16 0.07 0.19 0.13 0.00 0.16 0.25 0.00 0.11 0.08 0.20 0,07 0.27 0.19 0.12
Tl 0.01 0.01 0.01 0.01 0.01 0.00 0.03 0.03 0.03 0.03 0.07 0.03 0,05 0.02 0.04 0.05
Mg 3.92 2.93 2.98 2.68 2.76 2.58 3.61 3.58 3.60 3.62 3.74 3.75 3,77 3.37 3.65 3.67
Fe** 0.54 1.84 1.86 2,04 2.03 2.05 1.09 1.06 1.18 1.09 1.09 1.02 1,11 1.12 1.13 1.20
Mn 0.03 0,10 0,09 0.11 0.12 0,10 0.03 0.03 0.03 0.03 0.03 0.03 0,03 0.03 0.03 0.05
Cb 1.85 1.90 1.92 1.92 1.92 1.80 1,79 1,77 1,78 1,85 1,86 1,90 1,84 1.83 1.66 1.66
Na 0.203 0.037 0.049 0.046 0.055 0.205 0.186 0,21 0,162 0,142 0,042 0,05 0.063 0.171 0.234 0.149
K 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0,01 0,01 0.00 0,00 0,00 0.01 0.01 0.00 0.00
Cations 15.13 15.05 15.06 15.06 15.06 15.22 15.19 15,22 15,17 15,15 15.05 15.05 15.07 15.18 15.24 15.15
Cl 0.01 0.00 0.01 0.01 - 0.01 0.01 0.01 0,01 0,01 0,00 0.01 0.00 0.01 0.01 0.01
F ■ • - - - - - - - - - - -
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Sample 
Occurrence 
Rock Type 
Analysis 
Location

99-2-103 105-1-6A1 
vel cpx Inc 

basalt gabbro 
15NK ave 
UofA OSU

105-1-6A2 105-1-6A3 105-1-6B1 
cpx Inc cpx rim cpx rim 
gabbro gabbro gabbro 

ave ave ave 
OSU OSU OSU

105-1-6C2
int

gabbro
ave

OSU

105-1-6D1 
after cpx 

gabbro 
ave 

OSU

105-1-8(b)B5 
cpx Inc 
gabbro 

ave 
OSU

105-1-8(b)B6 105-1-8{b)C2 105-1-8(b)G3 105-1-8(b)C5 105-1-8(b)D2 
int cpx rim patchy cpx rim vei 

gabbro gabbro gabbro gabbro gabbro 
ave ave ave ave 15NK 

OSU OSU OSU OSU OSU
SiOg 50.55 43.01 42.71 45.56 43.35 43.34 46.61 43.94 43.53 52.89 55.66 44.14 52.84
TIOj 0.44 2.74 2.92 1.24 2.43 2.25 0.18 1.60 2.76 0.02 0.02 1.88 0.58
AI2O3 5.58 12.28 12.21 11.51 11.57 12.84 10.46 11.64 11.81 4.06 2.50 11.85 3.79
FeO^ 10.27 10.10 9.89 9.45 9.71 8.90 8.75 9.11 9.60 7.67 6.50 9.15 10.64
OrzO] 0.01 0.26 0.27 0.06 0.28 0.14 b.d. 0.35 0.17 b.d. 0.03 0.26 0.10
MnO 0.33 0.13 0.12 0.11 0.20 0.09 0.09 0.10 0.08 0.17 0.16 0.07 0.19
MgO 17.52 15.28 15.47 16.60 16.24 16.46 17.83 16.93 16.28 18.94 20.57 16.82 18.30
CaO 10.80 11.97 11.82 12.16 12.32 11.86 11.91 12.00 12.01 13.04 13.29 12.45 11.87
NajO 0.77 2.50 2.58 2.03 2.33 2.56 1.95 2.61 2.08 0.30 0.19 2.15 0.40
K,0 0.02 0.07 0.07 0.08 0.08 0.08 0.04 0.10 0.11 0.02 b.d. 0.10 0.05
F b.d. b.d. b.d. b.d. 0.07 0.09 b.d. b.d. b.d. 0.02 b.d. 0.06 0.07
0 1 0.01 0.03 0.04 0.06 0.04 0.04 0.04 0.24 0.10 0.02 0.03 0.08 0.12
Total 96.29 98.12 97.84 98.79 98.32 98.51 97.88 98.27 98.36 97.15 98.91 98.75 98.83
Si 7.29 6.17 6.14 6.42 6.19 6.15 6.56 6.24 6.19 7.44 7.64 6.23 7.42
A r 0.71 1.83 1.86 1.58 1.82 1.85 1.44 1.76 1.81 0.56 0.36 1.77 0.58
A r 0.24 0.25 0.21 0.33 0.13 0.29 0.29 0.19 0.17 0.12 0.04 0.20 0.04
Cr 0.00 0.03 0.03 0.01 0.03 0.02 - 0.04 0.02 - 0.00 0.03 0.01
Fe^ 0.16 0.41 0.44 0.59 0.60 0.56 0.74 0.63 0.63 0.39 0.31 0.66 0.29
Tl 0.05 0.30 0.32 0.13 0.26 0.24 0.02 0.17 0.30 0.00 0.00 0.20 0.06
Mg 3.77 3.27 3.32 3.49 3.45 3.48 3.74 3.59 3.45 3.97 4.21 3.54 3.83
Fe'* 1.08 0.80 0.75 0.52 0.56 0.50 0.29 0.45 0.52 0.52 0.44 0.42 0.96
Mn 0.04 0.02 0.02 0.01 0,02 0.01 0.01 0.01 0.01 0.02 0.02 0.01 0.02
Ca 1.67 1.84 1.82 1.84 1.88 1.80 1.80 1.83 1.83 1.97 1.95 1.88 1.79
Na 0.215 0.697 0.721 0.555 0.644 0.703 0.534 0.719 0.573 0.082 0.05 0.588 0.109
K 0.00 0.01 0.01 0.01 0.01 0.02 0.01 0.02 0.02 0.00 ■ 0.02 0.01
Cations 15.22 15.63 15.64 15.48 15.60 15.61 15.43 15.65 15.50 15.07 15.03 15.54 15.12
Cl 0.00 0.01 0.01 0.02 0.01 0.01 0.01 0.06 0.02 0.01 0.01 0.02 0.03
F • - ■ - 0.03 0.04 - - - 0.01 - 0.03 0.03
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Appendix B7. Amphibole Analyses (continued)
Sample 105-M4A2 105-1-14A3 105-1-14B3 105-M4B4 105-1-1402 105-1-1403 105-1-21A1 105-1-21A2 105-1-2181 105-1-2182 105-1-2183 105-1-2101 105-1-2102
Occurrence int int int int int int cpx rim cpx rim cpx rim cpx rim cpx rim cpx rim cpx rim
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis ave ave ave ave ave ave ave ave ave ave ave ave ave
Location OSU OSU OSU OSU OSU OSU UofA UofA UofA UofA UofA UofA UofA
6:0, 42.41 44.21 43.39 42.61 44.13 43.45 42.99 43.00 42.87 43.81 42.98 42.77 42.86
TIOj 2.80 2.54 2.81 2.75 2.28 1.99 2.65 2.42 2.32 1.30 2.35 2.58 2.42
AljOj 11.64 10.13 11.91 11.44 11.47 11.71 12.14 12.24 12.07 11.82 12.17 12.05 12.17
FeO^ 10.56 10.79 9.91 10.53 10.59 10.69 9.04 9.23 8.82 8.82 8.84 8.94 9.12
C^O) 0.06 0.01 0.04 b.d. 0.25 0.18 0.42 0.36 0.28 0.40 0.28 0.29 0.31
MnO 0.15 0.10 0.10 0.13 0.10 0.17 0.11 0.11 0.09 0.10 0.12 0.12 0.11
MgO 15.58 15.99 15.95 15.62 16.09 15.40 15.48 15.44 15.68 16.48 16.00 15.85 15.61
CaO 11.78 12.07 11.97 11.49 11.74 12.13 11.62 11.75 11.71 11.69 11.66 11.54 11.51
NajO 2.58 2.17 2.47 2.34 2.36 1.89 2.70 2.71 2.65 2.55 2.75 2.78 2.68
KjO 0.04 0.06 0.08 0.08 0.07 0.10 0.10 0.10 0.10 0.10 0.11 0.13 0.10
F 0.02 0.06 0.02 0.01 0.11 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.06 0.04 0.05 0.05 0.06 0.06 0.04 0.05 0.03 0.03 0.04 0.04 0.04
Total 97.60 98.15 98.66 97.05 99.00 97.59 96.87 97.05 96.34 96.70 97.02 96.80 96.62
Si 6.13 6.35 6.19 6.18 6.25 6.24 6.23 6.23 6.24 6.30 6.21 6.20 6.22
AI" 1.87 1.65 1.81 1.82 1.75 1.76 1.77 1.77 1.76 1.70 1.79 1.80 1.78
Al'" 0.12 0.06 0.19 0.13 0.17 0.22 0.30 0.31 0.31 0.30 0.28 0.26 0.30
Cr 0.01 0.00 0.00 - 0.03 0.02 0.05 0.04 0.03 0.05 0.03 0.03 0.04
Fe^ 0.59 0.58 0.50 0.65 0.64 0.68 0.30 0.30 0.33 0.56 0.39 0.36 0.37
Tl 0.31 0.27 0.30 0.30 0.24 0.22 0.29 0.26 0.25 0.14 0.26 0.28 0.26
Mg 3.36 3.42 3.39 3.38 3.40 3.30 3.34 3.33 3.40 3.53 3.45 3.43 3.38
Fe'* 0.69 0.72 0.68 0.63 0.62 0.61 0.80 0.82 0.74 0.51 0.68 0.72 0.74
Mn 0.02 0.01 0.01 0.02 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0,01
Ca 1.83 1.86 1.83 1.79 1.78 1.87 1.80 1.82 1.83 1.80 1.80 1.79 1.79
Na 0.722 0.603 0.684 0.658 0.648 0.528 0.758 0.761 0.748 0.711 0.77 0.781 0.754
K 0.01 0.01 0.01 0.01 0.01 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02
Cations 15.64 15.54 15.61 15.56 15.54 15.48 15.67 15.69 15.67 15.62 15.69 15.70 15.66
Cl 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0,01
F 0.01 0.03 0.01 0.01 0.05 - - - - - - - -
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Appendix B7. Amphibole Analyses (continued)
Sample 105-1-21C3 105-1-25A1 105-1-25A1 105-1-25A2 105-1-25A2 105-1-25A3 105-1-25A4 105-1-25A4 105-1 2581 105-1-25B4 105-1-25B6 105-1-25C1 105-1-2501
Occurrence cpx rim vei vei vei vei vei cpx rim vei vet vet int vei vei
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis ave ave ave ave ave ave ave ave 15NK 15NK ave ave ave
Location UolA OSU UofA OSU UolA UolA OSU UolA OSU OSU OSU OSU UolA
6 1 O2 42.97 46,29 46,19 47,49 46,39 46,60 43,50 44,41 55,68 52,08 41,87 48,96 45,99
TiOa 2,61 0,23 0,22 0,37 0,27 0,22 3,10 0,38 0,10 b.d. 3,21 0,05 0,22
AI2 0 3 12,07 10,06 10,79 9,46 9,67 9,66 11,96 10,92 2,88 4,16 12,06 9,82 10,49
FeO^ 9,24 12,59 11,88 13,01 11,02 12,20 10,63 12,32 7,70 9,92 10,01 11,30 11,88
CriO) 0,40 0,01 b.d. b.d. 0,02 0,02 0,22 0,03 0,03 0,02 0,16 0,01 0,03
MnO 0,11 0,16 0,20 0,29 0,22 0,19 0,11 0,26 0,21 0,22 0,12 0,26 0,21
MgO 15,36 14,91 13,81 14,52 14,98 14.39 14.77 13,84 18,78 19,37 15,45 15,10 14,93
CaO 11,67 12,29 12,01 11,86 11,61 11,85 11,99 11,61 12,85 11,43 11,76 11,28 11,46
NajO 2,78 1,23 1,17 1,07 1,08 1,02 2,34 1,31 0,15 0,12 2,47 1,20 1,43
KjO 0,12 0,02 0,03 b.d. 0,01 0,02 0,09 0,03 b.d. 0,01 0,08 0,02 0,04
F b,d. 0,08 b.d. 0,05 b.d. b.d. 0,04 b.d. b.d. 0,10 0,14 0,10 b.d.
Cl 0.03 0,07 0,07 0,06 0,05 0,04 0,04 0,05 0,03 0,01 0,06 0,06 0,03
Total 96,96 97,91 96,37 98,19 95,30 96,19 98,56 95,13 98,38 97,42 97,25 98,15 96,68
Si 6,24 6,63 6,72 6,78 6,77 6,77 6,24 6,55 7,77 7,33 6,08 6,93 6,63
Al"' 1,76 1,37 1,28 1,22 1,23 1,23 1,76 1,46 0,24 0,67 1,92 1,07 1,37
Al'" 0,30 0,32 0,57 0,37 0,43 0,42 0,27 0,44 0,24 0,02 0,14 0,57 0,41
Cr 0,05 0,00 - - 0,00 0,00 0,02 0,00 0,00 0,00 0,02 0,00 0,00
Fe^ 0,27 0,78 0,46 0,68 0,64 0,63 0,30 0,72 0,00 0,62 0,54 0,46 0,74
Tl 0,29 0,03 0,02 0,04 0,03 0,02 0,33 0,04 0,01 - 0,35 0,01 0,02
Mg 3,32 3,18 3,00 3,09 3,26 3,12 3,16 3,04 3,91 4,06 3,34 3,19 3,21
Fe'" 0,85 0,72 0,98 0,88 0,71 0,85 0,98 0,80 0,90 0,55 0,68 0,88 0,69
Mn 0,01 0,02 0,02 0,04 0,03 0,02 0,01 0,03 0,02 0,03 0,01 0,03 0,03
Ca 1,81 1,88 1,87 1,81 1,81 1,85 1,84 1,83 1,92 1,72 1,83 1,71 1,77
Na 0,782 0,341 0,33 0,295 0,31 0,29 0,65 0,38 0,042 0,033 0,695 0,33 0,40
K 0,02 0,00 0,01 ■ 0,00 0,00 0,02 0,01 - 0,00 0,02 0,00 0,01
Cations 15,71 15,28 15,27 15,20 15,21 15,21 15,58 15,29 15,04 15,04 15,62 15,18 15,29
Cl 0,01 0,02 0,02 0,01 0,01 0,01 0,01 0,01 0,01 0,00 0,01 0,02 0,01
F - 0,03 ■ 0,02 - - 0,02 - - 0,04 0,07 0,05 -
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Appendix B7. Amphibole Analyses (continued)
Sample 
Occurrence 
Rock Type 
Analysis 
Location

105-1-2502
vei

gabbro
ave

OSU

105-1-2502
vel

gabbro
ave

UofA

105-1-2503
patchy
gabbro
15NK
OSU

105-1-2505 105-1-25D1 105-1-25D3 
cpx rim vei vel 
gabbro gabbro gabbro 
15NK ave ave 
OSU OSU OSU

105-1-25D4 105-1-2505 
vei vei 

gabbro gabbro 
ave ave 

OSU OSU

105-1-25D6 105-1-25D7 105-3-6C2 105-3-6C3 105-3-6C4 105-3-6D5 
cpx rim cpx rim patchy patchy after cpx after cpx 
gabbro gabbro basalt basalt basalt basalt 
15NK 15NK 15NK 15NK 15NK 15NK 
OSU OSU OSU OSU OSU OSU

SlOg 49,69 45,77 54,38 55,58 47,47 47,53 46,90 49,10 53,96 53,26 50,97 49,46 49,66 41,96
TIO; 0,06 0,01 0,08 0,09 0,43 0,99 0,87 0,23 0,03 0,38 0,19 0,19 0,33 0,11
AI2O3 7,82 11,19 3,21 4,10 7,92 8,34 9,39 8,08 3,14 6,79 2,95 3,87 4,07 9,19
FeO^ 10,74 9,94 5,60 9,44 15,40 10,18 10,16 9,58 10.74 5,78 21,25 22,83 24,94 25,12
CrjOj 0,03 b,d. 0,02 0,03 0,02 0,14 0,12 0,02 b,d. 0,07 b.d. b.d. 0,04 b,d.
MnO 0,20 0,21 0,18 0,15 0,24 0,14 0,12 0,15 0,26 0,04 0,33 0,32 0,82 0.46
MgO 17,19 15,62 21,56 17,17 12,94 17,07 16,61 17,22 16,96 18,54 10,53 10,27 7,86 11,01
CaO 12,08 11,96 12,44 11,41 12,46 12,20 12,20 12,35 12,88 11,11 11,51 11,32 9,90 7,59
N%P 0,94 1,47 0,42 0,20 1,01 1,72 1,74 1,41 0,18 1,18 0,25 0,32 0,54 0,20
KjO 0,02 0,02 b,d. 0,01 0,05 0,09 0,10 0,13 b.d. 0,05 0,09 0,08 0,06 0,11
F 0,03 b,d. 0,02 b,d. 0,05 0,02 b,d. 0,04 0,05 b.d. 0,10 0,05 0,47 0,20
Cl 0,07 0,04 0,02 0,05 0,13 0,16 0,13 0,24 0,02 0,07 0,04 0.03 0,06 0,13
Total 98.84 96.23 97,91 98,21 98,09 98,44 98,23 98,53 98,22 97,20 98,20 98,73 98,71 96,08
SI 6,94 6,59 7,52 7,84 6,91 6,73 6,66 6,93 7,64 7.54 7,59 7,35 7,55 6,37
Ar 1,06 1,41 0,49 0,16 1,09 1,27 1.34 1,08 0,36 0,46 0,41 0,65 0,45 1,63
Ar 0,23 0,49 0,04 0,52 0,27 0.12 0,23 0,27 0,16 0,67 0,11 0,03 0,28 0,01
Cr 0,00 - 0.00 0,00 0,00 0,02 0,01 0,00 . 0.01 . - 0,00 .

F e^ 0,77 0,66 0,32 0,00 0,50 0,59 0,58 0,49 0,14 0,00 0,16 0,48 0,00 1,51
Tl 0,01 0,00 0,01 0,01 0,05 0,11 0,09 0,03 0,00 0,04 0,02 0,02 0,04 0,01
Mg 3,58 3,36 4,44 3,61 2,81 3,60 3,52 3,62 3,58 3,91 2,34 2,28 1,78 2,49
Fe'" 0,49 0,54 0,33 1,11 1,38 0,62 0,63 0,64 1,13 0,68 2,49 2,36 3,17 1,68
Mn 0,02 0,03 0,02 0,02 0,03 0,02 0,01 0,02 0,03 0,01 0,04 0,04 0,11 0,06
Ca 1,81 1,85 1,84 1,73 1,94 1,85 1,86 1,87 1,95 1,69 1,84 1,80 1,61 1,23
Na 0,256 0,41 0,112 0,054 0,284 0,472 0,48 0,386 0,049 0,324 0,072 0,093 0,16 0,06
K 0,00 0,00 - 0,00 0,01 0,02 0,02 0,02 - 0,01 0,02 0,02 0,01 0,02
Cations 15,16 15,33 15,11 15,06 15,26 15,41 15,42 15,34 15,05 15,33 15,09 15,11 15,17 15,08
Cl 0,02 0,01 0,01 0,01 0,03 0,04 0,03 0,06 0,00 0,02 0,01 0,01 0,02 0,03
F 0,01 - 0,01 - 0,02 0,01 - 0,02 0,02 - 0,05 0,02 0,23 0,10
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Sample 
Occurrence 
Rock Type 
Analysis 
Location

106-2-581 
after cpx 

gabbro 
ave 

OSU

106-2-582 106-2-5b1 
after cpx Ini 

gabbro gabbro 
15NK ave 
OSU OSU

106-2-5b3
ini

gabbro
15NK
OSU

106-2-5C1
cpx rim 
gabbro 

ave 
OSU

106-2-5C2 106-2-5C3 106-2-5c4 106-2-5d4 
cpx rim cpx inc cpx inc cpx rim 
gabbro gabbro gabbro gabbro 

ave ave ave 15NK 
OSU OSU OSU OSU

106-2-10A1 
cpx rim 
gabbro 
15NK 
OSU

106-2-10A2 106-2-10A3 106-2-10B1 
cpx inc cpx inc patchy 
gabbro gabbro gabbro 

ave ave ave 
OSU OSU OSU

106-2-10B2 
patchy 
gabbro 

ave 
OSU

SiOg 45,90 48,76 44,13 45,30 45,96 46,65 47,80 44,38 47,60 54,97 43,47 44,76 44,31 46,08
TiOî 0,96 1,02 0,54 1,32 1,42 0,82 1,02 1,75 0,09 0,04 1,96 1,31 0,26 0,03
AljOj 7.79 7,04 11,84 9,83 8,83 6,13 6,25 9,65 7,52 2,91 11,12 9,85 12,52 12,85
FeO^ 21,34 13,61 15,61 15,43 16,51 20,05 13,36 14,27 20,74 6,60 10,28 9,83 9,22 9,20
CrjOj b,d. 0,02 0,02 0,03 b.d. 0,01 b.d. b.d. b.d. b.d. 0,09 0,12 b.d. b.d.
MnO 0,29 0,28 0,31 0,42 0,35 0,29 0,28 0,29 0,63 0,15 0,12 0,11 0,18 0,17
MgO 9,05 14,88 12,67 13,55 12,29 10,67 14,96 13,76 12,15 21,92 16,07 16,39 17,33 17,31
CaO 11,56 11,31 11,21 10,21 11,66 11,84 12,07 11,47 8,80 11,44 11,98 12,06 11.24 11,04
Na;0 0,80 0,92 1,66 1,34 1,02 0,79 0,72 1,60 0.44 0.48 1,50 1,43 1,93 1,88
KjO 0,30 0,10 0.18 0,03 0.15 0,34 0,15 0.11 0.16 b.d. 0.25 0,18 0,09 0,12
F 0,09 0,03 0.08 b.d. b.d. b.d. b.d. 0,04 0,05 0,04 0,04 0,02 0,02 0,07
01 0,40 0,07 0,26 0,07 0,09 0,25 0.12 0,05 0,08 0,03 0,05 0,05 0,12 0,11
Total 98,47 98,02 98,49 97.51 98,27 97,84 96,74 97,35 98,26 98,56 96,83 95,98 97,21 98,85
SI 6,87 7,05 6,39 6,64 6,69 6,97 6,96 6,48 7,00 7.57 6.26 6,48 6,26 6,40
Al" 1.14 0,95 1,62 1,36 1,31 1,04 1,04 1,52 1,00 0.44 1,74 1,52 1.74 1.61
Al" 0,24 0,25 0,40 0,34 0,21 0,04 0,03 0,13 0,31 0,04 0,15 0,16 0,35 0,50
Cr - 0,00 0,00 0,00 - 0,00 - - - ■ 0,01 0,01 . .

Fe’* 0,55 0,20 0,87 0,34 0,67 0,63 0,67 0.75 0,52 0,26 0.86 0,76 0,85 0.72
Tl 0,11 0,11 0.06 0.15 0,16 0.09 0,11 0,19 0,01 0,00 0,21 0,14 0,03 0,00
Mg 2,02 3,21 2,73 2,96 2,67 2,37 3,25 2,99 2,67 4,50 3,45 3,54 3,65 3,58
Fe** 2,12 1,44 1,02 1,56 1,35 1,88 0,95 0,99 2,04 0,50 0,38 0,43 0,24 0,35
Mn 0,04 0,04 0,04 0,05 0,04 0,04 0,03 0,04 0,08 0,02 0,01 0,01 0,02 0.02
Ca 1,85 1.75 1,74 1,60 1,82 1,89 1,88 1,79 1,39 1,69 1,85 1,87 1,70 1,64
Na 0,233 0,258 0,467 0,381 0,288 0,23 0,204 0.453 0.125 0.128 0.42 0,4 0,53 0,507
K 0,06 0,02 0,03 0,01 0,03 0,07 0,03 0,02 0,03 - 0,05 0.03 0,02 0,02
Cations 15,21 15,28 15,36 15,39 15,22 15,24 15,17 15,36 15,16 15,13 15,39 15,37 15,39 15,34
Cl 0,10 0,02 0,06 0,02 0,02 0,06 0,03 0,01 0,02 0.01 0.01 0.01 0,03 0,03
F 0,04 0,01 0,04 • - - - 0,02 0,02 0.02 0.02 0,01 0,01 0.03
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Appendix B7. Amphibole Analyses (continued)
Sample 106-2-10C1 106-2-10D1 106-2-10D1 106-2-10D2 106-2-10D2 108-2-10D3 106-2-10D3 106-2-10D4 106-2-10D4 106-2-10D5 106-2-10E8 106-2-10E9 106-2-10E10
Occurrence int Int int int int int int int int int cpx inc cpx inc cpx inc
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis 15NK ave 15N ave 15N 15NK 15N ave 15N 15N 15NK ave ave
Location OSU OSU UofA OSU UofA OSU UofA OSU UofA UofA OSU OSU OSU
éiOî 49,57 44,43 50,87 45,31 51,53 44,88 48,66 45,05 50,70 47,33 46,39 43,45 47,91
TiOj 0,20 1,96 0,25 1,79 0,24 1,97 0,39 1,89 0,48 0,98 1,64 2,58 0,71
AIA 8,34 9,28 4,14 8,93 3,94 9,12 6,16 9,36 5,39 8,06 9,49 10,80 8,66
FeO' 12,70 13,25 13,23 13,27 12,59 12,88 13,79 12,79 10,00 13,88 11,06 11,46 10,51
CfjOj b,d. 0,05 0,02 b,d. 0,02 0,01 0,01 0,03 b,d. 0,04 0,08 0,05 b.d.
MnO 0,37 0,20 0,26 0,18 0,21 0,18 0,22 0,16 0,23 0,23 0,15 0,14 0,06
MgO 19,64 14,62 15,87 14,57 16,10 15,43 15,02 15,04 18,16 14,24 15,35 15,32 16,66
CaO 7,43 11,14 10,87 11,22 11,49 11,14 10,83 11,20 10,82 10,97 10,47 11,94 12,57
N%0 1.01 1,55 0,53 1,34 0,40 1,46 0,83 1,38 0,71 1,06 1,34 1,64 1,19
K;0 0,08 0,13 0,07 0,13 0,05 0,12 0,13 0,12 0,04 0,17 0,15 0,23 0,11
F 0,04 b,d. b,d. 0,02 b,d. b,d. b,d. 0,02 b,d. b,d. b,d. 0,05 b.d.
Cl 0,15 0,07 0,08 0,08 0,06 0,06 0,11 0,08 0,06 0,16 0,14 0,06 0,10
Total 99,52 96,61 96,17 96,83 96,61 97,24 96,14 97,09 96,59 97,08 96,17 97,68 98,50
Si 6,90 6,48 7,44 6,59 7,48 6,54 7,16 6,51 7,27 6,94 6,80 6,26 6,77
Al"' 1,10 1,52 0,56 1,41 0,52 1,46 0,84 1,49 0,73 1,07 1,20 1,74 1,23
Ar 0,27 0,08 0,16 0,12 0,15 0,10 0,23 0,11 0,18 0,33 0,44 0,10 0,21
Cr - 0,01 0,00 - 0,00 0,00 0,00 0,00 - 0,01 0,01 0,01 •

Fe** 0,50 0,82 0,18 0,76 0,20 0,49 0,26 0,84 0,25 0,19 0,00 0.74 0,63
Tl 0.02 0.22 0,03 0,20 0,03 0,22 0,04 0,21 0,05 0,11 0,18 0,28 0,08
Mg 4.08 3,18 3,46 3,16 3,48 3,35 3,30 3,24 3,88 3,11 3,35 3,29 3,51
Fe** 0.98 0,80 1,44 0,86 1.33 1,08 1,44 0,71 0,95 1,51 1,36 0,64 0,62
Mn 0.04 0,02 0,03 0,02 0,03 0,02 0,03 0,02 0,03 0,03 0,02 0,02 0,01
Ca 1.11 1,74 1,70 1,75 1,79 1,74 1.71 1.74 1,66 1,72 1,64 1,84 1,90
Na 0.272 0,437 0,15 0,377 0,11 0,414 0.24 0,387 0,20 0,30 0,381 0,459 0,327
K 0.01 0,02 0,01 0,03 0,01 0,02 0.02 0,02 0,01 0,03 0,03 0,04 0.02
Cations 15,29 15,32 15,16 15,27 15,12 15,44 15,26 15,27 15,21 15,33 15,41 15,42 15,30
Cl 0,03 0,02 0,02 0,02 0,02 0,01 0,03 0,02 0,02 0,04 0,03 0,02 0,03
F 0,02 - - 0,01 - - - 0,01 ■ - - 0,03 -
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Appendix B7. Amphibole Analyses (continued)
Sample 106-2-11 AI 106-2-11A2 106-2-11 A3 106-2-11A3 106-2-11 A4 106-2-11A4 106-2-11A5 106-2-1181 106-2-1182 106-2-1183 106-2-1184 106-2-1104 106-2-1105
Occurrence int int vei int int int int int int int int int int
Rock Type PG PG PG PG PG PG PG PG PG PG PG PG PG
Analysis ave ave ave ave ave 15N ave 15N 15N ave 15NK 15NK 15NK
Location UofA UofA OSU UofA OSU UofA OSU UofA UofA OSU OSU OSU OSU
SIO2 42,94 44,19 47.58 44,08 44,53 51,23 45,34 51,80 51,37 43,72 43,03 48.97 47,88
TiOî 2,29 2,37 0,31 2,28 2,50 0,20 2,19 0,07 0,07 2,34 2,56 1,00 1,44
AI2O3 10,75 10,25 6,79 10,34 10,40 3,60 9,31 1,97 1,92 10,31 10,43 5,31 6,88
FeO' 15,46 13,03 19,12 13,08 14,05 15,90 13,77 18,72 18,49 13,31 13,18 17,12 15,89
C^O) 0,03 b,d. 0,03 b.d. 0,02 b.d. 0,01 b.d. b.d. 0,01 0,02 b.d. b.d.
MnO 0.41 0,26 0,47 0,30 0,27 0,38 0,27 0,64 0,61 0,27 0,26 0,42 0,41
MgO 12,25 14,17 10,86 13,87 13,94 12,94 14,60 11,59 11,51 14,46 14,40 13,33 14,23
CaO 10,80 10,96 11,76 10,78 11,10 11,90 10,93 11,81 11,70 11,09 11,03 10,90 10,93
N% 0 1,72 1.76 0,64 1,48 1,94 0,26 1,60 0,14 0,13 1,43 1,79 0,65 0,97
KjO 0,14 0,17 0,09 0,11 0,10 0,05 0,10 0,05 0,03 0,13 0,11 0.08 0,09
F b,d. b.d. 0,09 b.d. 0,09 b.d. 0,17 b.d. b.d. b.d. 0,02 b.d. b.d.
Cl 0,04 0,05 0,02 0,04 0,06 0,01 0,07 b.d. 0,01 0,05 0,04 0,08 0,07
Total 96,80 97,21 97,72 96,36 98,98 96,47 98,34 96.79 95,84 97.12 96,85 97,86 98,79
SI 6,35 6,43 7,03 6,45 6,40 7,59 6,52 7.75 7.76 6,34 6,34 7,19 6,93
Al'* 1,65 1.57 0,97 1,55 1,60 0.41 1,48 0,25 0,25 1,66 1,66 0,81 1,07
Al" 0,22 0.19 0,21 0,23 0,16 0,22 0,09 0,09 0,10 0,10 0,15 0,10 0,10
Cr 0,00 - 0,00 - 0,00 ■ 0,00 - - 0,00 0,00 - •

Fe^ 0,71 0.65 0,63 0.71 0.65 0,07 0.79 0,09 0,09 0,92 0,41 0,29 0,36
Tl 0,26 0.26 0,04 0,25 0,27 0,02 0,24 0,01 0,01 0,26 0,28 0,11 0,16
Mg 2,70 3.07 2,39 3,03 2,99 2,86 3,13 2,58 2,59 3,13 3,16 2,92 3,07
Fe** 1,20 0.94 1,73 0,90 1,04 1,90 0,87 2,25 2,25 0,70 1,22 1.82 1,56
Mn 0,05 0.03 0,06 0,04 0,03 0.05 0,03 0,08 0,08 0,03 0,03 0,05 0,05
Ca 1,71 1.71 1,86 1,69 1,71 1,89 1,68 1,89 1,89 1.72 1,74 1,71 1,70
Na 0,49 0,50 0,184 0,42 0,54 0,08 0,445 0,04 0,04 0,402 0,512 0,186 0,273
K 0,03 0.03 0,02 0,02 0,02 0,01 0,02 0,01 0,01 0,02 0,02 0,02 0,02
Cations 15,37 15.37 15,13 15,28 15,41 15,08 15,30 15,05 15,04 15,28 15,53 15,20 15,29
Cl 0,01 0.01 0,00 0,01 0,01 0,00 0,02 - 0,00 0,01 0,01 0,02 0,02
F - - 0,04 - 0,04 - 0,08 - - - 0,01 - -
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Sample 106-2-11D6 106-2-11D7 106-2-11D8 106-2-11D9 106-2-11D10 107-1-14A1 107-1-14A2 107-1-14A3 107-M4B1 107-1-1482 107-1-1483 107-1-1484 107-1-1485
Occurrence in! int int in! ini after cpx after cpx after cpx after cpx after cpx after cpx after cpx after cpxRock Type PG PG PG PG PG basalt basalt basalt basalt basalt basalt basalt basaltAnalysis 16NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NKLocation OSU OSU OSU OSU OSU UolA UofA UofA UofA UofA UofA UofA UofASIO2 47.26 46.22 47.12 49.22 48.19 51.40 51.60 51.69 50.36 52.09 51.19 51.48 51.72TiOj 1.29 1.89 1.54 0.60 1.40 0.28 0.25 0.24 0.23 0.28 0.25 0.23 0.25
AI2O3 6.51 8.22 6.98 5.17 7.12 4.38 4.11 4.10 5.04 3.50 4.61 4.20 4.23
FeQT 16.57 15.04 15.04 15.56 15.04 14.71 14,68 14.50 15.20 14.42 14.66 14.62 14.16C^iO) b.d. b.d. 0.01 b.d. b.d. 0.02 0.04 0.05 b.d. b.d. b.d. 0.01 0.01
MnO 0.33 0.31 0.39 0.28 0.42 0.29 0.26 0.29 0.28 0.26 0.27 0.27 0.29MgO 13.26 14.06 14.48 13.93 14.34 14.56 14.65 14.80 13.67 14.87 14.56 14.78 15.00CaO 11.85 10.90 11.00 11.90 10.93 11.57 11.70 11.71 11.52 11.72 11.74 11.70 11.60N%0 0.68 1.50 1.21 0.50 1.14 0.30 0.29 0.28 0.36 0.23 0.35 0.29 0.34K2O 0.16 0.09 0.07 0.16 0.07 0.07 0.07 0.06 0.07 0.08 0.06 0.07 0.07
F 0.13 0.11 0.09 0.06 0.14 b.d. b.d. b.d. 0.01 b.d. b.d. b.d. b.d.
Cl 0.14 0.05 0.05 0.18 0.07 0.05 0.03 0.02 0.05 0.02 0.04 0.03 0.01
Total 98.20 98.37 97.97 97.54 98.86 97.61 97.64 97.69 96.79 97.47 97.73 97.67 97.67
Si 6.92 6.74 6.88 7.20 6.97 7.45 7.48 7.48 7.40 7.56 7.41 7.45 7.48
Al"'
Al"

1.08 1.26 1.12 0.80 1.03 0.55 0.52 0.53 0.60 0.45 0.59 0.55 0.52
0.04 0.16 0.08 0.09 0.19 0.20 0.18 0.17 0.27 0.15 0.20 0.17 0.20

Cr
Fe’*

- - 0.00 - - 0.00 0.01 0.01 - . . 0.00 0.00
0.54 0.25 0.35 0.41 0.20 0.18 0.19 0.20 0.17 0.15 0.22 0.24 0.17

Tl 0.14 0.21 0.17 0.07 0.15 0.03 0.03 0.03 0.03 0.03 0.03 0.03 0.03
Mg 2.89 3.06 3.15 3.04 3.09 3.15 3.16 3.19 2.99 3.22 3.14 3.19 3.23
Fe** 1.49 1.59 1.48 1.50 1.62 1.60 1.59 1.55 1.70 1.60 1.55 1.53 1.55
Mn 0.04 0.04 0.05 0.03 0.05 0.04 0.03 0.04 0.04 0.03 0.03 0.03 0.04
Ca 1.86 1.70 1.72 1.87 1.70 1.80 1.82 1.81 1.81 1.82 1.82 1.81 1.80
Na 0.193 0.424 0.341 0.14 0.32 0.084 0.081 0.079 0.103 0.065 0.098 0.081 0.095
K 0.03 0.02 0.01 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.01 0.01
Cations 15.22 15.44 15.36 15.17 15.33 15.10 15.09 15.09 15.12 15.08 15.11 15.09 15.11
Cl 0.04 0.01 0.01 0.04 0.02 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.00
F 0.06 0.05 0.04 0.03 0.06 ■ - - 0.01 - - - -
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Appendix B7. Amphibole A nalyses (continued)
Sample 
Occurrence 
Rock Type 
Analysis 
Location

107-1-1401 
after cpx 

basalt 
15NK 
UofA

107-1-1402 
after cpx 

basalt 
15NK 
UofA

107-1-1403 
after cpx 

basalt 
15NK 
UofA

108-1-6A1 
cpx rim 
gabbro 

ave 
UofA

108-1-6A2 
cpx rim 
gabbro 
15NK 
UofA

108-1-6A3 
cpx rim 
gabbro 

ave 
UofA

108-1-6A4 
cpx Inc 
gabbro 

ave 
UofA

108-1-6A5 
cpx inc 
gabbro 

ave 
UofA

108-1-6B1 
cpx rim 
gabbro 
15NK 
UofA

108-1-6B2
cpx rim 
gabbro 
15NK 
UofA

108-1-6B3 
cpx inc 
gabbro 
15NK 
UofA

108-1-601 
cpx rim 
gabbro 

ave 
UofA

108-1-6C2 108-1-6D1 
cpx Inc cpx rim 
gabbro gabbro 

ave 15NK 
UofA UofA

SIO2 52,17 50,98 51,12 52,02 53,32 51,10 48,78 49,40 55.59 54,33 52,65 51,91 48,13 56,26
TiOj 0,36 0,22 0,21 0,18 0,22 0,24 0,61 0,68 0,08 0,21 0,28 0,23 0,59 0,10
A IA 3,82 4,64 4.37 5,31 3,85 6,03 8.57 7,89 1,79 3,26 4,88 5,57 8,93 1.17
FeO' 14,76 14,93 14,82 7,37 6,71 7,56 7,49 7,38 6,02 6,75 5,86 6,97 7,25 6,31
CtjOa b,d. b.d. 0.01 0.05 0,11 0,08 0,06 0,23 0,09 0,06 0,05 0,09 0,11 0,03
MnO 0,26 0.27 0,27 0,08 0,08 0,11 0,08 0,08 0,11 0,10 0,08 0,08 0,05 0,16
MgO 14.76 14.35 14,44 18,90 20,10 18,66 18,25 18,43 21,10 19,95 20,31 19,31 18,15 21,33
CaO 11.72 11,73 11.64 12,57 12,54 12.32 12,22 12,33 12,24 12,67 12,48 12,36 12.18 12,22
NajO 0,26 0,38 0,31 0,70 0,49 0,88 1,25 1,22 0,21 0,39 0,72 0,78 1.30 0,11
K;0 0,09 0,06 0,07 0,06 0,06 0,07 0,14 0,02 0,05 0,07 0,04 0,08 0,11 0,03
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0,03 0,03 0,02 b.d. b.d. 0,02 0,02 b.d. b.d. b.d. b.d. 0,01 b.d. b.d.
Total 98,23 97,59 97,27 97,19 97,37 96,99 97,41 97.43 97,19 97,73 97,30 97,32 96,69 97,69
SI 7,52 7,40 7,44 7,31 7,46 7,20 6,86 6.93 7,76 7,59 7,36 7,26 6,81 7,81
Al"' 0,48 0,60 0,56 0,69 0,54 0,80 1,14 1.07 0,25 0,41 0.64 0,74 1,19 0,19
A r 0,17 0,20 0.19 0,19 0,10 0,21 0,28 0.24 0,05 0,12 0,17 0,18 0,30 0,00
Cr - - 0,00 0,01 0,01 0,01 0,01 0,03 0.01 0,01 0,01 0,01 0,01 0,00
Fe’* 0,15 0,23 0,22 0,37 0,24 0,43 0,52 0,48 0.10 0,12 0,20 0,43 0,53 0.13
Tl 0,04 0,02 0,02 0,02 0,02 0,03 0.07 0,07 0,01 0,02 0,03 0,02 0.06 0,01
Mg 3,17 3,11 3.13 3,96 4,19 3,92 3.83 3,86 4,39 4,15 4,23 4,03 3,83 4,42
Fe** 1,63 1.58 1,58 0,50 0,55 0,46 0.36 0,39 0,60 0,67 0,48 0,39 0,33 0,61
Mn 0,03 0,03 0,03 0,01 0,01 0,01 0.01 0,01 0,01 0,01 0,01 0,01 0,01 0,02
Ca 1,81 1,83 1,82 1,89 1,88 1,86 1.84 1,85 1,83 1,90 1,87 1,86 1,85 1,82
Na 0,073 0,107 0,087 0,191 0,133 0,24 0.341 0.332 0.057 0.106 0,195 0,212 0,356 0,03
K 0,02 0,01 0,01 0,01 0,01 0,01 0.03 0.00 0.01 0,01 0,01 0,01 0,02 0,01
Cations 15,09 15,12 15,10 15,14 15,14 15,18 15,28 15.26 15.07 15,12 15,20 15,15 15,30 15,04
Cl 0,01 0,01 0,01 - - 0,01 0,01 - - • ■ 0,00 • -
F ■ - - - ■ - - • • - - - - -
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Appendix B7. Amphibole A nalyses (continued)
Sample Ï 08-1-602 108-1-603 108-2-6A1 108-2-6B1 108-2-6B2 108-2-6C1 108-3-1 El 108-3-1E2 108-3-1F1 108-2-12E1 108-2-12E2 108-2-12E3 108-2-12E4 108-3-15A1
Occurrence alter cpx after cpx patctiy cpx rim cpx rim cpx rim after cpx after cpx after cpx after cpx after cpx afler cpx after cpx after cpx
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro basalt basalt basalt PG PG PG PG basalt
Analysis ave ave ave ave ave ave 15NK 15NK 15NK 15NK 15NK 15NK ave 15NK
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
5162 51.26 51.71 46.18 49.09 52.12 46.13 50.70 50.35 51.79 45.57 44.35 49.07 43.50 51.82
TIO2 0,30 0.26 0.13 0.39 0.21 0.68 0.29 0.35 0.39 0.99 0.97 1.14 0.34 0.42
AI2O3 6.45 5.83 12.94 8.43 4.99 10.89 3.14 3.61 3.27 4.96 5.41 3.11 10.53 3.98
FeO^ 8.13 7.56 6.61 7.45 5.87 7.46 20.34 23.29 20.75 29.10 28.58 26.02 23.91 14.82
CfjOs 0.07 0.09 0.03 0.34 0.30 0.34 0.05 0.01 0.05 0.02 b.d. b.d. 0.01 b.d.
MnO 0.11 0.13 0.09 0.11 0.06 0.10 0.37 0.56 0.46 0.45 0.46 0.48 0.27 0.32
MgO 18.15 18.68 17.40 18.43 20.02 17.18 11.09 8.77 12.33 4.86 4.69 8.22 6.50 14,84
CaO 12.15 12.27 11.83 12.29 12.45 12.32 11.32 11.37 9.24 9.92 9.92 9.54 11.10 11.59
N%0 0.78 0.64 1.81 1.32 0.82 1.88 0.35 0.34 0.58 0.52 0.61 0.23 1.06 0.40
K2O 0.08 0.06 0.12 0.06 0.06 0.11 0.06 0.08 0.05 0.60 0.73 0.37 0.34 0.10
F b.d. b.d, b.d. b.d. b.d. b.d. 0.08 0.08 0.08 b.d. b.d. b.d. b.d. 0.05
Cl 0.02 0.01 0.19 b.d. 0.02 0.01 0.02 0.01 0.13 0.56 0.55 0.22 0.50 0.06
Total 97.43 97.15 97.30 97.57 96.62 96.76 97.76 98.81 99.07 97.53 96.27 98.40 98.05 98.40
Si 7.20 7.26 6.50 6.87 7.30 6.57 7.56 7.55 7.62 7.21 7.13 7,49 6.62 7.47
Al™ 0.80 0.74 1.50 1.13 0.70 1.43 0.44 0.45 0.38 0.79 0.88 0.51 1.39 0.53
A r 0.27 0.22 0.64 0.26 0.13 0.40 0.11 0.18 0.18 0.14 0.15 0.05 0.50 0.15
Cr 0.01 0.01 0.00 0.04 0.03 0.04 0.01 0.00 0.01 0.00 . - 0.00 .

Fe’* 0.41 0.43 0.48 0.54 0.40 0.44 0.15 0.08 0.00 0.13 0.15 0.05 0.63 0.16
Tl 0.03 0.03 0.01 0.04 0.02 0.07 0.03 0.04 0.04 0.12 0.12 0.13 0.04 0.05
Mg 3.80 3,91 3.65 3.85 4.18 3.65 2.46 1.96 2.70 1.15 1.12 1.87 1.47 3.19
Fe** 0.54 0.45 0.30 0.33 0.29 0.45 2.38 2.84 2.55 3.72 3.69 3.27 2.41 1.63
Mn 0.01 0.02 0.01 0.01 0.01 0.01 0.05 0.07 0.06 0.06 0.06 0.06 0.04 0.04
Ca 1.83 1,85 1.78 1.84 1.87 1.88 1.81 1.83 1.46 1.68 1.71 1.56 1.81 1.79
Na 0.213 0.174 0.494 0.358 0.223 0.519 0.101 0.099 0.165 0.16 0.19 0.068 0.313 0.112
K 0.01 0.01 0.02 0.01 0.01 0.02 0.01 0.02 0.01 0.12 0.15 0.07 0.07 0.02
Cations 15.14 15.10 15.40 15.29 15.16 15.48 15.11 15.11 15.18 15.28 15.34 15.14 15.28 15.13
Cl 0.01 0.00 0.05 - 0.01 0.00 0.01 0.00 0.03 0.15 0.15 0.06 0.13 0.02
F - - - - - - 0.04 0.04 0.04 - - - - 0.02
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Appendix B7. Amphibole A nalyses (continued)
Sample 
Occurrence 
Rock Type 
Analysis 
Location

108-3-15A2 
afler cpx 

basalt 
15NK 
UofA

108-3-15A3 
after cpx 

basalt 
15NK 
UofA

108-3-15B1 
after cpx 

basalt 
15NK 
UofA

108-3-15B2 108-3-15B3 
after cpx after cpx 

basalt basalt 
15NK 15NK 
UofA UofA

108-3-15B4 108-3-15D1 
after cpx after cpx 

basalt basalt 
15NK 15NK 
UofA UofA

108-3-15D2 108-3-15D3 108-3-16A1 
after cpx after cpx patctiy 

basalt basalt epidoslte 
15NK 15NK 15NK 
UolA UofA UofA

108-3-16A2
patctiy

epidoslte
15NK
UofA

108-3-16A3
patctiy

epidoslte
15NK
UofA

108-3-16A4
patcfiy

epidoslte
15NK
UofA

SlOg 51.11 51.20 50.56 50.55 49.74 49.80 50.95 52.26 50.81 50.39 51.07 51.84 49.97
TiOj 0.47 0.52 0.61 0.54 0.59 0.57 0.63 0.58 0.63 0.59 0.72 0.61 1.02
AI2O3 4.15 4.36 4.69 4.78 5.52 5.13 4.57 3.34 4.46 3.17 3.36 2.24 3.02
FeO^ 14.81 14.63 15.21 15.41 15.63 15.51 15.10 14.61 15.00 19.34 18.11 17.64 18.65
OrzO; 0.02 0.01 0.06 0.01 0.04 0.06 0.02 b.d. b.d. 0.02 b.d. b.d. b.d.
MnO 0.31 0.30 0.35 0.33 0.35 0.33 0.30 0.38 0.32 0.32 0.31 0.37 0.28
MgO 14.71 15.02 14.34 14.24 13.76 14.02 14.48 15.27 14.51 13.40 13.68 14.65 13.20
CaO 11.44 10.88 11.22 11.32 11.26 11.29 11.29 11.06 11.15 8.52 9.25 8.20 9.19
NajO 0.44 0.41 0.69 0.69 0.81 0.81 0.62 0.44 0.58 1.32 1.14 2.06 2.02
KjO 0.11 0.10 0.15 0.14 0.15 0.14 0.13 0.12 0.11 0.25 0.28 0.32 0.39
F 0.04 0.05 b.d. 0.03 0.03 0.08 0.02 0.02 0.02 0.23 0.16 1.06 0.91
Cl 0.07 0.07 0.11 0.09 0.09 0.13 0.11 0.11 0.12 0.17 0.15 0.08 0.08
Total 97.66 97.54 97.93 98.12 97.93 97.81 98.20 98.19 97.71 97.70 98.23 99.07 98.73
SI 7.43 7.44 7.36 7.35 7.27 7.28 7.39 7.55 7.41 7.55 7.56 7.73 7.52
A r 0.57 0.56 0.64 0.65 0.73 0.72 0.61 0.45 0.60 0.45 0.44 0.27 0.48
A r 0.14 0.18 0.17 0.17 0.22 0.17 0.17 0.12 0.17 0.11 0.15 0.12 0.06
Cr 0.00 0.00 0.01 0.00 0.01 0.01 0.00 . . 0.00 . . .
Fe** 0.18 0.13 0.11 0.14 0.12 0.16 0.10 0.05 0.10 0.00 0.00 0.00 0.00
Tl 0.05 0.06 0.07 0.06 0.07 0.06 0.07 0.06 0.07 0.07 0.08 0.07 0.12
Mg 3.19 3.25 3.11 3.09 3.00 3.06 3.13 3.29 3.15 2.99 3.02 3.26 2.96
Fe'* 1.62 1.65 1.75 1.74 1.79 1.74 1.74 1.71 1.73 2.42 2.24 2.20 2.35
Mn 0.04 0.04 0.04 0.04 0.04 0.04 0.04 0.05 0.04 0.04 0.04 0.05 0.04
Ca 1.78 1.69 1.75 1.76 1.76 1.77 1.76 1.71 1.74 1.37 1.47 1.31 1.48
Na 0.124 0.115 0.195 0.195 0.229 0.23 0.174 0.123 0.164 0.383 0.327 0.595 0.59
K 0.02 0.02 0.03 0.03 0.03 0.03 0.02 0.02 0.02 0.05 0.05 0.06 0.08
Cations 15.14 15.13 15.22 15.22 15.26 15.26 15.20 15.15 15.18 15.43 15.38 15.66 15.66
Cl 0,02 0,02 0.03 0.02 0.02 0.03 0.03 0.03 0.03 0.04 0.04 0.02 0.02
F 0.02 0.02 - 0.01 0.01 0.04 0.01 0.01 0.01 0.11 0.08 0.50 0.43
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Sample 
Occurrence 
Rock Type 
Analysis 
Location

108-3-16A5 108-3-1601 108-3-16D1 108-3-16D2 108-3-16D3 108-3-16D5 108-3-16D6 108-3-16D7 108-3-17A1 
patchy patchy patchy patchy patchy patchy patchy patchy after cpx 

epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte epidoslte PG 
15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 
UofA UofA UofA UolA UolA UolA UofA UofA UofA

108-3-17A3 108-3-17A4 108-3-17A5 108-3-17A6 
after cpx after cpx after cpx after cpx 

PG PG PG PG 
15NK 15NK 15NK 15NK 
UofA UofA UofA UofA

SiOj 50.51 51.25 50.81 51.27 51.07 52.27 51.07 51.99 49.62 45.27 48,72 48.40 48,71
TiOî 0.63 0.82 0.73 0.83 0.66 0.83 0.97 0.62 0.64 1,46 0,46 0.42 0,45
AI2O3 3.37 2.54 2.39 2.70 2.78 2.66 3.20 2.35 3.83 7,86 5,19 5.47 5,15
FeO? 20.08 16.77 17.33 17.05 17.91 17.27 17.15 16.86 19.29 20,15 18,76 19.09 18,99
CfjOs b.d. b.d. b.d. b.d. 0.01 0.01 b.d. 0.01 0.03 0.01 b,d. b.d. 0,04
MnO 0.32 0.27 0.30 0.28 0.33 0.28 0.27 0.33 0.40 0.33 0,30 0.31 0.34
MgO 13.22 14.67 13.71 14.25 14.09 14.23 13.94 14.99 12.75 10.17 11,81 11.63 11,95
CaO 8.70 8.73 9.47 8.78 8.61 9.71 9.68 8.24 9.58 10.98 11,10 11.06 11,00
Na,0 1.17 2.22 0.94 2.45 2,16 1.01 1.57 2.39 0.55 0,77 0,58 0.87 0,77
KjO 0.27 0.36 0.24 0.39 0.37 0.22 0,34 0.36 0.17 0.26 0,19 0.20 0,18
F 0.13 1.11 0.03 1.21 1.00 0.10 0,48 1,24 b.d. b.d. b,d. b.d. b,d.
Cl 0.22 0.07 0.09 0.03 0.08 0.08 0,06 0,07 0,16 0.31 0,24 0.36 0,28
Total 98.62 98.81 96.04 99.24 99.06 98.66 98,73 99,44 96,99 97.56 97,35 97,81 97,82
SI 7.50 7.66 7.66 7.67 7.64 7.66 7,56 7,74 7,42 6.81 7,26 7,22 7,24
Ar 0.50 0.34 0.34 0.33 0.37 0.34 0,44 0,26 0,59 1.19 0,74 0.78 0,76
Al" 0.09 0.11 0.08 0.15 0.12 0.12 0,12 0,15 0,09 0.20 0,17 0.18 0,14
Cr - - - - 0.00 0.00 - 0.00 0,00 0.00 . 0,01
Fe®* 0.00 0.00 0.00 0.00 0.00 0.00 0,00 0.00 0,16 0.38 0,26 0.22 0,26
Tl 0.07 0.09 0.08 0.09 0.07 0.09 0,11 0.07 0,07 0.17 0,05 0.05 0,05
Mg 2.93 3.27 3.08 3.18 3.14 3.11 3,08 3,33 2,84 2.28 2,63 2.59 2,65
Fe'* 2.49 2.10 2.19 2.14 2.24 2.12 2,12 2,10 2,25 2.16 2,08 2.16 2,10
Mn 0.04 0.03 0.04 0.04 0.04 0.04 0.03 0,04 0,05 0.04 0,04 0.04 0,04
Ca 1.38 1.40 1.53 1.41 1.38 1.53 1.54 1,31 1,53 1,77 1,77 1,77 1,75
Na 0.337 0,644 0.275 0.711 0.626 0.287 0.451 0,69 0,159 0,225 0,168 0,252 0,222
K 0.05 0.07 0.05 0.07 0.07 0.04 0.06 0,07 0,03 0,05 0,04 0,04 0,03
Cations 15.39 15.71 15.32 15.79 15.70 15.33 15.52 15,76 15.19 15,28 15,20 15,29 15,26
Cl 0.06 0.02 0.02 0.01 0.02 0.02 0.02 0.02 0.04 0,08 0,06 0,09 0,07
F 0.06 0.53 0.01 0.57 0.47 0.05 0.23 0.58 - - - - -
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Appendix B7. Amphibole A nalyses (continued)
Sample
Occurrence

Analysis
Location

108-3-17A7 108-3-17C1 108-3-17C2 108-3-17C3 108-3-17E1 108-3-17E2 110- 
after cpx after cpx after cpx after cpx after cpx after cpx

TO PG
15NK 15NK ave 15NK 15NK 15NK
UofA UofA UolA UofA UofA UofA

1-15B1 110-1-15B2 110-1-1501 110-1-1502 110-1-1503 110-1-1504 110-1-15D1 110-1-15E1
vel vel after cpx after cpx vei after cpx patctiy patctiy

basalt basatt basait basalt basalt basalt basalt basalt
15NK 15NK ave 15NK 15NK 15NK 15NK 15NK
UofA UofA UofA UofA UofA UofA UofA UofA

SlOg 48,62 48,26 47.11 48.88 49.25 48,39 51.92 52.18 48.25 45.56 49,37 49.04 52.10 50.45
TI02 0,48 0,38 0.71 0.38 0.79 0,46 0,05 0.02 1.39 2.09 1,17 0,91 0,09 0.09
AljOs 5,23 5.10 5,87 4.59 3,86 5,60 0,96 0.97 6.22 8.23 5,01 5,32 2,06 3.99
FeO' 18,89 18,62 19,78 18.83 18,35 19.92 22,55 22.15 17.17 17.08 15,45 16,88 21,94 18.20
CfjOs b,d. b.d. b.d. 0.01 0.03 b.d. 0,01 0.01 0,03 0.02 0,04 0,25 0.01 0.04
MnO 0,34 0,25 0.34 0.34 0.44 0.34 0,64 0.58 0,20 0.21 0.19 0.25 0.39 0.25
MgO 11,90 11.57 10.82 11.97 12.70 11.26 9.11 9.16 12.66 12.77 14.08 13.37 9.61 12.12
CaO 11,01 11.11 11.28 11.22 10.52 11.26 12.28 12.12 10.33 9.73 10.57 10.42 11.93 12.00
NSjO 0,77 0.74 0.79 0.63 0.62 0.81 0.04 0.03 1.46 2.66 1.41 1.12 0.16 0.39
KjO 0,15 0.17 0,25 0.19 0.15 0.22 0.05 0.05 0.23 0.21 0.16 0.19 0.11 0.13
F b.d. b.d. b.d, b.d. b.d. b.d. b.d. b.d. b.d. 0.36 b.d. 0.03 b.d. 0.05
Cl 0,29 0,28 0,31 0.20 0.17 0.25 0.02 0.01 0.13 0,21 0.10 0.09 0.01 b.d.
Total 97,68 96,48 97,26 97.23 96.85 98.51 97.62 97.27 98.04 99.11 97.51 97.62 98.40 97.67
SI
Ar
Al"

7,24 7.28 7.05 7.30 7.36 7.18 7.85 7.91 7.06 6.78 7.29 7.24 7.79 7.45
0,76 0.72 0,95 0,70 0.64 0.82 0.15 0.09 0.94 1.22 0.71 0.76 0.22 0.55
0,16 0.18 0,08 0.10 0.04 0.16 0,02 0,08 0.13 0,23 0,16 0,16 0.15 0.14

Cr
Fe®*

- - - 0.00 0.00 - 0,00 0,00 0.00 0,00 0,01 0,03 0.00 0.01
0,25 0.21 0.64 0.29 0.21 0.29 0,10 0.00 0.53 0,00 0,00 0,01 0.00 0.25

Tl 0,05 0.04 0.08 0.04 0.09 0.05 0,01 0.00 0.15 0,23 0,13 0.10 0,01 0.01
Mg
Fe®*

2,64 2.60 2.41 2.66 2.83 2.49 2,05 2.07 2.76 2,83 3,10 2.94 2.14 2.67
2,10 2.14 1.83 2.06 2.09 2,18 2,75 2.81 1.57 2.13 1,91 2.08 2.74 2.00

Mn 0,04 0.03 0.04 0.04 0.06 0.04 0,08 0.08 0.03 0.03 0.02 0.03 0.05 0.03
Ca 1,76 1.80 1.81 1.80 1.69 1.79 1,99 1.97 1.62 1.55 1.67 1.65 1.91 1.90
Na 0,222 0.216 0.229 0.182 0.18 0.233 0,012 0.009 0.414 0.768 0.404 0.321 0.046 0.112
K 0,03 0.03 0.05 0.04 0.03 0.04 0.01 0.01 0.04 0.04 0.03 0.04 0.02 0.02
Cations 15,25 15.25 15.17 15.22 15.21 15.28 15.02 15.02 15.26 15.81 15.43 15.36 15.07 15.14
Cl 0,07 0.07 0.08 0.05 0.04 0.06 0.01 0.00 0.03 0.05 0.03 0,02 0,00 .
F - ■ - - - - - - 0.17 - 0.01 - 0.02
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Appendix B7. Amphibole A nalyses (continued)
Sample 110-M5E2 110-1-15F1 110-1-25A1 110-1-25A2 110-1-25A5 110-1-25C1 110-1-2502 111-4-3A3 111-4-3B3 111-4-3C1 111-4-6A1 111-4-6A3 111-4-6A4 111-4-6B1
Occurrence patchy patchy patchy patchy patchy patchy patchy after cpx patchy cpx inc alter cpx alter cpx alter cpx alter cpx
Rock Type basal! basalt basalt basalt basalt basalt basalt gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis 15NK ave ave 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK 15NK ave
Location UofA UolA UolA UolA UolA UolA UolA OSU OSU OSU UolA UofA UolA UofA
SIC; 52.16 50.02 48.53 50.20 50.43 51.80 47.72 52.93 51.78 52.42 51.98 48.68 52.94 47.12
TIOj 0,09 0.07 1.12 0.86 0.64 0.15 0.59 0,06 0.08 0.17 0.39 0.74 0.10 1.25
AI2O3 2.60 4.45 7.32 3.55 2.83 1.68 4.17 3.97 4.19 5.26 3.45 6.41 3.01 7.24
FeO^ 18.14 18.05 11.16 18.79 21.27 21.56 25.69 9.09 11.50 9.89 12.46 14.15 12.23 14.80
CfjOs 0.02 0.03 0.08 0.01 b.d. b.d. 0.25 0.02 0.03 0.02 0.02 b.d. 0.01 0.05
MnO 0.22 0.20 0.16 0.24 0.39 0.16 0.29 0.28 0.38 0.30 0.23 0.27 0.27 0.22
MgO 12.13 11.96 16.46 13.40 13.62 9.75 8.87 20.50 17.05 18.13 17.21 15.11 17.43 13.50
CaO 11.99 12.11 10.99 9.09 7.20 11.62 8.19 9.85 12.34 11.98 11.08 11.16 11.22 11.57
N82O 0.25 0,42 1.36 0.97 0.89 0.17 1.04 0.32 0.32 0.47 0.41 1.00 0.34 0.94
KjO 0.07 0.11 0.25 0.25 0.11 0.11 0.27 0.05 0.04 0.07 0.14 0.45 0.13 0.52
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. 0.04 b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.01 0.02 0.09 0.13 0.14 0.01 0.22 0.03 0.05 0.04 0.09 0.22 0.09 0.22
Total 97.66 97.41 97.44 97.48 97.52 97.01 97.05 97.12 97.73 98.71 97.44 98.19 97.76 97.38
Si 7.70 7.38 6.93 7.48 7.54 7.85 7.38 7.45 7.37 7.34 7.46 7.07 7.56 6.90
Al" 0.30 0.62 1.07 0.52 0.46 0.16 0.62 0.55 0.63 0.66 0.54 0.93 0.44 1.10
Al'" 0.15 0.15 0.16 0.10 0.03 0.15 0.14 0.10 0.07 0.21 0.05 0.16 0.07 0.15
Cr 0.00 0.00 0.01 0.00 - - 0.03 0.00 0.00 0.00 0.00 • 0.00 0.01
Fe^ 0.04 0.41 0.57 0.00 0.01 0.00 0.00 0.34 0.44 0.28 0.27 0.24 0.23 0,49
Tl 0.01 0.01 0.12 0.10 0.07 0.02 0.07 0.01 0.01 0.02 0.04 0.08 0.01 0.14
Mg 2.67 2.63 3.51 2.98 3.03 2.20 2.05 4.30 3.62 3.78 3.68 3.27 3.71 2.95
Fe** 2.20 1.82 0.76 2.34 2.65 2.73 3.32 0.73 0.93 0.88 1.23 1.47 1.23 1.32
Mn 0.03 0.03 0.02 0.03 0.05 0.02 0.04 0.03 0.05 0.04 0.03 0.03 0.03 0.03
Ca 1.90 1.91 1.68 1.45 1.15 1.89 1.36 1.49 1.88 1.80 1.70 1.74 1.72 1.82
Na 0.072 0.12 0.377 0.28 0.258 0.05 0.312 0.087 0.088 0.126 0.114 0.281 0.094 0.267
K 0.01 0.02 0.05 0.05 0.02 0.02 0.05 0.01 0.01 0.01 0.03 0.08 0.02 0.10
Cations 15.09 15.09 15.25 15.33 15.28 15.07 15.37 15.10 15.10 15.14 15.14 15.37 15.12 15.27
Cl 0.00 0.01 0.02 0.03 0.04 0.00 0.06 0.01 0.01 0.01 0.02 0.05 0.02 0.06
F - - - - - - - 0.02 - - - ■ - -
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Appendix B7. Amphibole Analyses (continued)
Sample 
Occurrence 
Rock Type 
Analysis 
Location

111-4-6B2 
after cpx 

gabbro 
ave 

UofA

111-4-6C2 
after cpx 

gabbro 
15NK 
UofA

111-4-6C3 
after cpx 

gabbro 
ave 

UofA

111-4-604 
after cpx 

gabbro 
15NK 
UofA

112-2-1 Al 
cpx Inc 
gabbro 

ave 
UofA

112-2-1A2
cpx inc 
gabbro 

ave 
UofA

112-2-1 A3 
cpx inc 
gabbro 

ave 
UofA

112-2-1 A4 
cpx inc 
gabbro 

ave 
UofA

112-2-1B1 
patctiy 
gabbro 

ave 
UolA

112-2-1B2
patctiy
gabbro

ave
UofA

112-2-1B3 
patchy 
gabbro 

ave 
UolA

112-2-1B4
patchy
gabbro

ave
UolA

112-2-1B5 
patchy 
gabbro 

ave 
UofA

112-2-1B6 
patchy 
gabbro 

ave 
UofA

SIO2 48.40 48.26 47.31 48.27 46.27 44,17 45.54 44.07 42.63 50.59 42.63 50.87 47.76 49.37
TiOj 0,95 1,25 1,52 1.29 1.04 1.46 1.30 1.54 b.d. 0.20 0.03 0.02 b.d. 0.03
AI2O3 6.06 6.36 6.99 6.26 10.57 12.02 11.35 12.10 16.07 5.80 15.35 4.54 10.56 5.25
FeÔ 14.82 14.16 14.63 13.94 5.60 5.73 5.70 5,70 7.49 9.29 8.18 14.12 5.88 15.70
Cr203 0.03 0.03 b.d. 0.01 1.20 1.43 1.19 1.23 b.d. b.d. b.d. 0.01 b.d. 0.03
MnO 0.23 0,25 0.22 0.25 0.08 0.05 0.09 0.07 0,08 0,13 0.11 0.31 0.11 0.31
MgO 13.77 14.83 14.03 14.87 18.00 17.35 17.63 17.44 15.61 17.11 15.38 13.71 18.00 12.66
CaO 11.77 10,89 11.11 10.85 11.86 11.81 11.80 11.80 12.39 12.55 12.53 12.53 12,38 12.31
NazO 0.65 1,07 1.02 0.94 2.11 2.42 2.23 2.40 2.65 0.84 2,55 0.52 1.85 0,81
K2O 0,41 0.33 0.50 0.40 b.d, 0.08 0.05 0,20 0.07 0.05 0,06 0,05 0,04 0.04
F b.d. b.d. b.d, b.d. b.d, b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0,17 0.18 0.23 0.17 b.d, b.d. b.d. 0.01 0.10 0.04 0.07 b.d, 0,04 0.01
Total 97.23 97.58 97.56 97.24 95.53 95.09 95.69 95.33 97.09 96.60 96.89 96.67 96,62 96.49
SI 7.08 7.06 6.90 7.08 6.58 6.34 6.49 6.32 6.10 7.25 6,13 7.46 6.77 7.32
Al" 0,92 0.94 1.10 0.92 1.42 1.67 1.52 1.68 1.90 0.75 1.87 0,54 1.23 0.68
Ar 0.12 0.16 0.10 0.16 0.35 0.37 0.39 0.36 0.81 0.23 0.73 0.24 0,54 0.23
Cr 0.00 0.00 - 0.00 0.14 0.16 0,13 0.14 - - - 0.00 - 0,00
Fe^ 0.49 0.14 0.57 0.13 0.33 0.33 0.31 0.34 0,45 0.32 0,48 0.17 0,30 0.25
Tl 0.11 0.14 0,17 0.14 0.11 0.16 0.14 0.17 • 0.02 0.00 0.00 . 0.00
Mg 3.00 3.23 3.05 3.25 3.82 3.71 3.74 3.73 3.33 3.66 3.30 3.00 3.81 2.80
Fe** 1.32 1.59 1.21 1.58 0.33 0.35 0.37 0.34 0.45 0.80 0.51 1.57 0.40 1.70
Mn 0.03 0.03 0.03 0.03 0.01 0.01 0.01 0.01 0.01 0.02 0.01 0.04 0.01 0.04
Ca 1.84 1.71 1.74 1.71 1.81 1.82 1.80 1.81 1.90 1.93 1.93 1.97 1.88 1.96
Na 0,184 0,303 0.289 0.267 0.582 0,673 0.615 0.668 0.735 0.233 0,712 0.148 0.509 0.232
K 0,08 0,06 0,09 0.08 - 0.02 0.01 0,04 0.01 0.01 0.01 0.01 0.01 0.01
Cations 15.18 15,37 15.24 15.34 15.48 15.59 15.52 15.60 15.70 15.20 15.69 15.14 15.45 15,22
Cl 0.04 0.05 0.06 0.04 - • • 0.00 0.02 0.01 0,02 - 0.01 0.00
F " ■ - - • ■ - - - • - - ■ -
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Appendix B7. Amphibole A nalyses (continued)
Sample 112-2-101 112-2-102 112-2-1C3 113-1-10a1 113-2-4A1 113-2-4A2 113-2-4A3 113-2-4A5 113-2-4A6 113-2-4B1 113-2-4B2 113-2-4B3 113-2-4B4 113-2-4C1
Occurrence cpx rim cpx rim cpx rim patctiy cpx rim cpx rim cpx rim cpx rim cpx rim after cpx after cpx after cpx after cpx cpx Inc
Rock Type gabbro gabbro gabbro basalt gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis ave ave ave 15NK ave ave ave ave ave ave ave ave ave ave
Location UolA UofA UofA OSU UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
8102 52.66 53.55 51.55 52.22 48.52 48.09 44.03 47.75 44.70 46.01 47.84 45.90 43.96 44.06
TiOj 0.21 0.13 0.22 0.18 0.06 0.12 1.80 0.11 1.40 0.08 0.07 0.09 1.82 0.68
AI2O3 3.59 3.16 4.66 2.51 8.59 8.54 10.51 9.03 10.65 10.44 9.10 10.83 10.87 11.42
FeO? 6.47 6.64 6.94 18.78 6.96 7.29 7.76 6.70 7.29 10,58 6.80 7.43 7.55 5.94
C îO) 0.24 0.32 0.46 0.01 0.12 0.11 0.87 0.14 0.58 0.01 0.08 0.11 1.18 1.93
MnO 0.12 0.11 0.11 0.40 0.10 0.09 0.08 0.08 0.05 0.06 0.04 0.08 0.08 0.05
MgO 19.73 19.95 19.00 12.28 19.43 19.32 17.05 19.13 17.77 16.34 19.05 18.52 17.03 17.95
CaO 12.72 12.66 12.73 11.96 11.31 11.43 11.45 11.71 11.65 11.54 11.69 11.32 11.53 11.84
N%0 0.72 0.59 0.91 0.21 2.23 2.15 2.64 2.07 2.51 1.89 2.02 2.32 2.68 2.53
K2O 0.04 0.03 0.04 0.03 0.10 0.10 0.25 0.14 0.25 0.12 0.16 0.15 0.24 0.16
F b.d, b.d. b.d. 0.04 b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl b.d. 0.01 0.01 0.01 0.18 0.20 0.24 0.17 0.23 0.20 0.14 0.24 0.23 0.25
Total 96.26 96.83 96.17 98.61 97.48 97.33 95.81 96.89 96.50 97.26 96.91 96.88 95.99 94.88
SI 7.45 7.51 7.32 7.64 6.81 6.77 6.38 6.75 6.41 6.58 6.76 6.50 6.34 6.31
A f 0.55 0.49 0.68 0.36 1.19 1.23 1.62 1.25 1.59 1.42 1.24 1.50 1.66 1.69
Al" 0.05 0.03 0.10 0.08 0.23 0.18 0.17 0.25 0.21 0.34 0.27 0.31 0.19 0.24
Cr 0.03 0.04 0.05 0.00 0.01 0.01 0.10 0.02 0.07 0.00 0.01 0.01 0.13 0.22
Fe’* 0.31 0.33 0.30 0.17 0.48 0.55 0.40 0.52 0.50 0.76 0.52 0.60 0.38 0.48
Tl 0.02 0.01 0.02 0.02 0.01 0.01 0.20 0.01 0.15 0.01 0.01 0.01 0.20 0.07
Mg 4.16 4.17 4.02 2.68 4.07 4.05 3.68 4.03 3.80 3.49 4.01 3.91 3.66 3.84
Fe’* 0.46 0.45 0.53 2.12 0.34 0.31 0.54 0.28 0.37 0.51 0.29 0.28 0.53 0.24
Mn 0.01 0.01 0.01 0.05 0.01 0.01 0.01 0.01 0.01 0.01 0.00 0.01 0.01 0.01
Ca 1.93 1.90 1.94 1.88 1.70 1.72 1.78 1.77 1.79 1.77 1.77 1.72 1.78 1.82
Na 0.198 0.16 0.25 0.058 0.607 0.587 0.742 0.567 0.697 0.524 0.554 0.638 0.75 0.703
K 0.01 0.01 0.01 0.01 0.02 0.02 0.05 0.03 0.05 0.02 0.03 0.03 0.04 0.03
Cations 15.17 15.11 15.22 15.07 15.47 15.46 15.67 15.47 15.63 15.42 15.46 15.52 15.68 15.64
Cl - 0.00 0.00 0.00 0.04 0.05 0.06 0.04 0.06 0.05 0.03 0.06 0.06 0.06
F - - - 0.02 - - - - - - - - - -
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Appendix B7. Amphibole A nalyses (continued)
Sample 113-2-4C2 113-2-404 113-2-11A3 113-2-11 A4 113-2-11A5 113-2-11A6 113-2-11B1 113-2-11B2 113-2-11B3 113-2-11B4 113-2-1101 113-2-1102 113-2-1103 113-2-1104
Occurrence cpx Inc cpx inc patchy patchy patchy patchy cpx rim cpx rim cpx inc cpx inc patchy patchy patchy patchy
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis ave ave ave ave ave ave ave ave ave ave ave ave 15NK ave
Location UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
SIO2 47,67 44.53 46.49 46.20 45.23 44.32 46.58 45.32 46.91 48.42 45.63 49.81 55.46 48.11
TiOj 0.49 0.86 0.13 0.13 b.d. 0.01 0.70 1.78 0.74 0.50 0.07 0.14 0.01 0.07
AljOj 8.33 10.60 11.17 11.66 12.35 12.50 9.90 10.17 9.66 8.01 9.81 3.66 3.43 6.60
FeO^ 4.90 6.96 6.62 6.52 9.46 9.57 7.25 7.00 7.36 7.33 10.40 19.64 3.32 14.75
CrzO; 1.63 1.82 0.03 0.03 b.d. b.d. 0.55 0.52 0.65 0.51 b.d. b.d. 0.02 b.d.
MnO 0.07 0.07 0.10 0.12 0.06 0.08 0.07 0.07 0.07 0.11 0.16 0.85 0.09 0.19
MgO 19.34 17.70 18.87 18.75 16.67 16.52 18.78 18.17 18.50 19.46 16.84 10.47 21.65 13.96
CaO 11.88 11.52 11.45 11.24 11.63 11.66 11.32 11.33 11.37 10.91 11.95 11.84 12.95 12.15
NajO 1.91 2.53 2.36 2.31 2.05 2.32 2.19 2.69 2.26 1.95 2.24 0.70 0.29 1.29
K%0 0.11 0.20 0.12 0.07 0.10 0.14 0.10 0.11 0.12 0.08 0.12 0.06 0.02 0.04
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d.
Cl 0.13 0.21 0.14 0.10 0.11 0.06 0.11 0.19 0.13 0.18 0.18 b.d. b.d. 0.01
Total 94.83 95.18 97.45 97.10 97.66 97.18 97.00 96.83 97.12 96.95 97.40 97.17 97.22 97.17
Si 6.77 6.39 6.53 6.49 6.41 6.33 6.56 6.46 6.61 6.79 6.54 7.47 7.67 7.03
Al" 1.23 1.61 1.47 1.51 1.60 1.67 1.44 1.54 1.39 1.21 1.46 0.53 0.34 0.97
Al'" 0.17 0.18 0.37 0.42 0.46 0.43 0.20 0.17 0.22 0.12 0.20 0.12 0.22 0.17
Cr 0.18 0.21 0.00 0.00 - - 0.06 0.06 0.07 0.06 - - 0.00 -

Fe** 0.35 0.50 0.51 0.50 0.77 0.79 0.55 0.42 0.50 0.52 0.77 0.27 0.03 0.51
Tl 0.05 0.09 0.01 0.01 - ■0.00 0.07 0.19 0.08 0.05 0.01 0.02 0.00 0.01
Mg 4.10 3.79 3.95 3.93 3.52 3.52 3.94 3.86 3.89 4.07 3.60 2.34 4.46 3.04
Fe'* 0.23 0.34 0.27 0.26 0.36 0.35 0.30 0.42 0.37 0.35 0.48 2.19 0.36 1.29
Mn 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.02 0.11 0.01 0.02
Ca 1.81 1.77 1.72 1.69 1.76 1.78 1.71 1.73 1.72 1.64 1.84 1.90 1.92 1.90
Na 0.526 0.704 0.642 0.629 0.563 0.642 0.598 0.744 0.618 0.531 0.623 0.204 0.078 0.366
K 0.02 0.04 0.02 0.01 0.02 0.03 0.02 0.02 0.02 0.01 0.02 0.01 0.00 0.01
Cations 15.44 15.62 15.52 15.48 15.46 15.55 15.46 15.62 15.49 15.35 15.56 15.16 15.08 15.32
Cl 0.03 0.05 0.03 0.02 0.03 0.02 0.03 0.05 0.03 0.04 0.04 - - 0.00
F - - - - - - - - - - - - -
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Appendix B7. Amphibole A nalyses (continued)
Sample 113-2-11C5 113-2-1 ICG 113-2-1107 113-2-11C8 113-2-1109 13-2-11010 113-2-11D1 113-2-11D2 113-2-11D3 113-2-11D4 113-2-11E1 113-2-11E2 113-2-11E3 113-2-11E4
Occurrence patchy patchy patchy patchy patchy patchy patchy patchy patchy patchy after cpx after cpx after cpx after cpx
Rock Type gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro gabbro
Analysis ave ave ave ave ave ave ave ave ave ave ave ave ave ave
Location UolA UofA UolA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA UofA
SIO; 50.45 45.87 47.73 44.80 49.42 48.16 47.15 44.20 44.94 43.74 49.09 48,46 45.72 47.29
TiOj 0.01 0.04 0.27 0.05 0.04 0.13 0.32 0.92 0.04 0.12 0.45 0.25 0.33 0.33
AI2OJ 3.43 10.75 9.45 10.46 5.97 6.69 10.28 13.11 10.38 11.40 8.30 9.35 11.81 10.08
FeÔ 18.94 8.78 6.56 10.86 12.69 14.66 6.52 6.71 8.68 9.32 6.34 5.70 5.66 5.97
Cr̂ O] 0.01 b.d. 0.22 0.01 b.d. 0.01 0.04 0.06 0.03 0.01 0.15 0.07 0.22 b.d,
MnO 0.74 0.15 0.08 0.10 0.11 0.17 0.10 0.08 0.13 0.17 0.10 0.10 0.03 0.10
MgO 11.02 17.19 19.17 15.92 15.49 13.84 19.29 17.57 18,24 17.54 19.19 19.32 18.50 19.08
CaO 11.99 12.03 11.37 11.83 12.20 12.22 11.47 11.63 12.06 11.96 11.28 It.60 11.68 11.63
N%0 0.64 2.30 1.85 2.32 1.16 1.35 2.09 2.66 2.62 2.74 1.72 2.07 2.69 2,14
K2O 0.05 0.14 0.07 0.13 0.06 0.06 0.10 0.11 0,22 0.17 0.08 0.09 0.09 0,10
F b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b.d. b,d. b.d. b.d. b.d. b.d.
Cl b.d. 0.10 0.11 0.22 0.01 0.02 0.11 0.23 0.05 0.06 0.12 0.10 0.17 0.14
Total 97.27 97.35 96.66 96.69 97.15 97.30 97.43 97.22 97.36 97.22 96.67 97.04 96.68 96.86
Si 7.53 6.54 6,71 6.50 7.15 7.04 6.60 6.28 6.40 6.26 6.91 6.81 6.49 6.67
Al"' 0.47 1.46 1.29 1.50 0.86 0.96 1.40 1.72 1.60 1.74 1.09 1.19 1.52 1.33
Al" 0.13 0.35 0.28 0.29 0.16 0.19 0.29 0.47 0.14 0.18 0.29 0.36 0.46 0.35
Or 0.00 - 0.02 0.00 - 0.00 0.00 0.01 0.00 0.00 0.02 0.01 0.03 -

Fe®* 0.24 0.61 0.51 0.69 0.47 0.43 0.53 0.48 0.81 0.88 0.39 0.36 0.37 0.43
Ti 0.00 0.00 0.03 0.01 0.00 0.01 0.03 0.10 0.00 0.01 0.05 0.03 0.04 0.04
Mg 2.45 3.66 4.02 3.45 3.34 3.02 4.03 3.72 3.87 3,74 4.03 4.05 3.91 4.01
Fe'" 2.13 0.44 0.27 0.63 1.07 1.36 0.24 0.32 0.23 0.24 0.36 0.31 0.30 0.27
Mn 0.09 0.02 0.01 0.01 0.01 0.02 0.01 0.01 0.02 0.02 0.01 0.01 0.00 0.01
Ca 1.92 1.84 1.71 1.84 1.89 1.91 1.72 1.77 1.84 1.83 1.70 1.75 1.78 1.76
Na 0.186 0.636 0.505 0.653 0.325 0.383 0.568 0.733 0.724 0.76 0.469 0.564 0.74 0.585
K 0.01 0.03 0.01 0.02 0.01 0.01 0.02 0.02 0.04 0.03 0.01 0.02 0.02 0.02
Cations 15.15 15.58 15.37 15.59 15.28 15.35 15.44 15.63 15.68 15.70 15.33 15.45 15.64 15.48
Cl - 0.02 0.03 0.05 0.00 0.01 0.03 0.06 0.01 0.02 0.03 0.02 0.04 0.03
F - - - - - - - - - - - - - -
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A p p en d i x  C

E PID O SIT E  AND P L A G IO G R A N IT E  TRACE E L E M E N T

G E O C H E M IS T R Y

W hole rock trace element analyses of the epidosite samples were collected by solution ICP- 

MS at the University of Victoria. Epidosite samples were digested using a modified sodium- 

peroxide sinter technique [Lon^richetaL, 1990], in which 0.5 ml of 30% H 2O 2 was added 

before final dilution with water to 90g to aid in the dissolution of the sinter cake. 

Prelirninary plagiogranite analyses were performed on samples digested using an HF-HNO3 
technique [JenneretaL, 1990].
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A p p en d ix  C l .  E p id o site  T ra c e  E le m e n t A n a ly ses  (ppm )
Sample KG99004 KG99005 KG99006 96-1-14 99-2-8 102-4-1 108-3-16 113-1-26

Ba 6.3 5.6 4.5 2.1 3.7 60.4 3.4 3.3
Th 0.2 0.4 0.2 0.3 0.2 1.4 0.1 0.1
La 1.4 1.7 2.3 4.5 3.5 7.8 2.3 1.5
Ce 4.3 5.0 7.1 14.5 11.8 18.3 8.1 3.4
Pr 0.8 1.0 1.2 2.6 2.1 2.4 1.4 0.6
Sr 222.4 149.0 155.6 140.1 339.5 142.4 138.7 421.7
Nd 4.3 5.1 6.8 14.8 11.2 10.1 7.7 3.0
Zr 36.3 41.6 56.4 79.7 110.9 73.2 69.6 27.0
Hf 1.2 1.5 1.7 2.5 3.0 2.2 2.0 0.7
Sm 1.7 2.1 2.4 5.1 3.8 2.6 2.6 0.9
Eu 0.6 0.8 0.8 2.0 1.3 0.6 1.1 1.0
Gd 2.6 3.1 3.5 7.2 5.4 3.1 3.7 1.3
Tb 0.5 0.6 0.7 1.3 0.9 0.5 0.7 0.2
Dy 3.4 4.0 4.5 8.5 6.3 3.7 4.5 1.8
Y 18.5 20.9 24.6 43.4 33.7 21.1 22.8 11.5
Ho 0.7 0.9 0.9 1.8 1.3 0.8 0.9 0.4
Er 2.4 2.8 3.0 5.4 4.1 2.7 2.8 1.3
Tm 0.4 0.5 0.4 0.8 0.6 0.5 0.4 0.2
Yb 2.3 2.6 2.8 5.0 3.8 2.8 2.7 1.2
Lu 0.3 0.4 0.4 0.7 0.5 0.4 0.4 0.1
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Appendix C2. Preliminary Plagiogranite Trace Element Analyses (ppm)
Sample 96-1-3 (a) 96-1-3 (b) 96-1-16L{a) 96-1-16L{b) 96-1-160 96-1-19 96-1-27
Ce 20.2 20.3 12.1 12.8 20.9 34.6 20.9
Dy 9.2 9.3 6.0 6.0 6.9 19.7 10.2
Er 5.9 5.9 3.8 3.8 4.2 13.0 6.2
Eu 1.7 1.7 1.0 1.0 1.3 1.7 1.7
Gd 6.8 6.8 4.1 4.1 6.0 14.3 7.6
Ho 2.1 2.1 1.4 1.3 1.5 4.4 2.2
La 7.2 7.1 3.7 3.8 6.5 8.5 6.2
Lu 0.8 0.8 0.6 0.5 0.6 1.5 0.8
Nd 18.2 18.1 11.8 12.8 20.2 37.1 21.1
Pr 3.2 3.2 2.0 2.2 3.6 6.6 3.8
Sm 6.0 6.0 4.1 4.1 6.3 12.6 7.1
Tb 1.4 1.4 0.9 0.9 1.1 2.8 1.5
Tm 0.9 0.9 0.6 0.6 0.6 1.9 0.9
Yb 5.6 5.5 3.7 3.6 3.9 11.6 5.7
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A p p e n d i x  D

G E O T H E  RMOME TRY

Metamorphic temperatures were calculated using the geothermometers o f Holland and 

Blundy [1994] on element abundances determined by electron microprobe from amphibole- 

plagjoclase pairs. Both thermometers require recaculation of the amphibole analyses using 

the method outlined in Holland and Blundy [1994]. Care was taken to analyze mineral 

grains which did not display fine scale zoning in backscattered electron images. The edenite- 

tremolite (ed-tr) exchange thermometer was used for samples that contain cjuartz and the 

edenite-richterite (ed-ri) thermometer was used for samples that do not. Forty-two pairs (of 

173) failed one or more of the compositional criteria imposed by Holland and Blundy's 

[1994] data set. The stated uncertainty in the thermometers is ±40°C in the range 400° to 

900°C (edenite-tremolite) and 500° to 900°C (edentite-richterite) [Hollandand Blundy, 1994]. 

Type refers to the amphibole mode of occurrence described in Chapter 3. X  (ab) refers to 

the mole fraction of albite in coexisting plagioclase. The presence o r absence of quartz is 

indicated in the table to help justify which thermometer was used. Average (Ave.) 

temperatures for grains displaying the same texture in the same sample were used to 

construct Figure 3.6. N  = number of analyses used in the average.
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Appendix P. Geothermometry Data
Sample Lab Rock Type Type X(ab) T (ed-tr) T (ed-ri) Quartz Temp. Ave. N

94-1-ICI OSU gabbro after cpx 0.44 827 811 N 811 790 3
94-1-102 OSU gabbro after cpx 0.44 735 744 N 744
94-1-1D1 OSU gabbro after cpx 0.44 826 814 N 814
94-1-2B1 OSU gabbro vein 0.22 884 868 N 868 815 5
94-1-2B1 UofA gabbro vein 0.33 813 805 N 805
94-1-2B2 OSU gabbro cpx rim 0.27 863 826 N 826 801 4
94-1-2B2 UofA gabbro vein 0.29 825 817 N 817
94-1-2B3 UofA gabbro vein 0.33 748 761 N 761
94-1-2B4 UofA gabbro vein 0.26 776 775 N 775
94-1-202 OSU gabbro cpx rim 0.36 747 760 N 760
94-1-2D1 OSU gabbro after cpx 0.47 832 778 N 778
94-1-2D2 OSU gabbro cpx rim 0.44 919 823 N 823
94-1-2E2 OSU gabbro cpx rim 0.31 860 847 N 847
94-1-3B1 OSU gabbro after cpx 0.40 743 772 N 772 792 4
94-1-301 OSU gabbro after cpx 0.38 834 782 N 782
94-1-3D1 OSU gabbro after cpx 0.39 904 822 N 822
94-1-3E1 OSU gabbro after cpx 0.48 807 792 N 792
96-1-3 A1 UofA PG patctiy 0.93 666 - Y 666 618 2
96-1-3A2 UofA PG patchy 0.93 569 - Y 569
96-1-3B1 UofA PG after cpx 0.89 770 678 Y 678 698 3
96-1-3B2 UofA PG after cpx 0.93 723 - Y 723
96-1-3B3 UofA PG after cpx 0.95 692 - Y 692
96-1-5 A4 UofA PG after cpx 0.96 699 - Y 699 646 5
96-1-5A5 UofA PG after cpx 0.95 667 - Y 667
96-1-5B1 UofA PG after cpx 0.97 664 - Y 664
96-1-5D3 UofA PG after cpx 0.99 571 - Y 571
96-1-5D4 UofA PG after cpx 0.98 629 - Y 629
96-2-13a2 OSU PG patchy 0.92 675 - Y 675 625 2
96-2-13b1 OSU PG patchy 0.92 575 - Y 575
99-2-1A1 UofA basalt vein 0.18 762 760 N 760 710 5
99-2-1A2 UofA basalt vein 0.18 660 670 N 670
99-2-1 A3 UofA basalt vein 0.26 655 669 N 669
99-2-101 UofA basalt vein 0.29 679 693 N 693
99-2-102 UofA basalt vein 0.26 738 756 N 756
99-1-21A1 UofA gabbro cpx rim 0.23 765 791 N 791 810 4
99-1-21A2 UofA gabbro cpx rim 0.21 849 795 N 795
99-1-21 A3 UofA gabbro cpx rim 0.23 815 793 N 793
99-1-21B1 UofA gabbro vein 0.14 909 861 N 861 862 4
99-1-21B2 UofA gabbro vein 0.19 878 820 N 820
99-1-21B3 UofA gabbro vein 0.19 1055 891 N 891
99-1-2101 UofA gabbro cpx rim 0.28 1011 874 N 874
99-1-21D1 UofA gabbro vein 0.13 901 830 N 830
99-1-30A4 UofA gabbro magmatic 0.26 965 840 N 840 861 4
99-1-30A5 UofA gabbro magmatic 0.24 980 845 N 845
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Appendix P. Geothermometry Data (continued)
Sample Lab Rock Type Type X(ab) T (ed-tr) T (ed-ri) Quartz Temp. Ave. N

99-1-30B2 UofA gabbro magmatic 0.22 997 858 N 858
99-1-30B3 UofA gabbro magmatic 0.22 1057 901 N 901
99-1-30B4 UofA gabbro cpx rim 0.22 714 721 N 721
105-1-6A1 OSU gabbro magmatic 0.26 1080 887 N 887 859 3
105-1-6C2 OSU gabbro magmatic 0.26 1061 889 N 889
105-1-GDI OSU gabbro magmatic 0.24 924 802 N 802
105-1-21A1 UofA gabbro magmatic 0.25 1051 894 N 894 885 7
105-1-21A2 UofA gabbro magmatic 0.25 1046 880 N 880
105-1-21B1 UofA gabbro magmatic 0.25 1042 878 N 878
105-1-21B2 UofA gabbro magmatic 0.21 1044 873 N 873
105-1-21B3 UofA gabbro magmatic 0.25 1077 899 N 899
105-1-21C3 UofA gabbro magmatic 0.33 1010 877 N 877
105-1-21C3 UofA gabbro magmatic 0.27 1046 891 N 891
105-1-25A1 OSU gabbro vein 0.18 926 811 N 811 803 5
105-1-25A1 UofA gabbro vein 0.14 822 723 N 723
105-1-25A2 OSU gabbro vein 0.16 848 794 N 794
105-1-25A4 OSU gabbro magmatic 0.15 1170 925 N 925
105-1-25A4 UofA gabbro vein 0.17 823 763 N 763
105-1-25D4 OSU gabbro vein 0.10 1109 917 N 917
106-2-5a1 OSU gabbro after cpx 0.50 761 738 N 738 734 2
106-2-5a2 OSU gabbro after cpx 0.56 751 729 N 729
106-2-5C1 OSU gabbro cpx rim 0.20 895 848 N 848 835 2
106-2-5C2 OSU gabbro cpx rim 0.17 911 821 N 821
106-2-10D1 OSU gabbro magmatic 0.12 1160 981 N 981 921 3
106-2-10D1 UofA gabbro vein 0.11 755 805 N 805 891 2
106-2-10D2 OSU gabbro magmatic 0.12 1067 977 N 977
106-2-10D4 OSU gabbro magmatic 0.11 1121 995 N 995
106-2-1005 UofA gabbro vein 0.14 876 841 N 841
106-2-11A1 UofA PG magmatic 0.17 1071 954 Y 954
106-2-11A2 UofA PG magmatic 0.17 1064 975 Y 975
106-2-11 A3 UofA PG magmatic 0.16 1012 952 Y 952
106-2-11A5 OSU PG magmatic 0.16 1074 962 Y 962 815 4
106-2-1109 OSU PG after cpx 0.52 716 717 Y 716
106-2-11010 OSU PG after cpx 0.74 768 715 Y 768 716 2
107-1-14A1 UofA basalt after cpx 0.28 620 - Y 620 617 8
107-1-14A2 UofA basalt after cpx 0.28 622 - Y 622
107-1-14A3 UofA basalt after cpx 0.31 619 - Y 619
107-1-14B1 UofA basalt after cpx 0.27 628 - Y 628
107-1-14B2 UofA basalt after cpx 0.34 580 - Y 580
107-1-14B3 UofA basalt after cpx 0.33 634 - Y 634
107-1-14C1 UofA basalt after cpx 0.34 593 - Y 593
107-1-14C2 UofA basalt after cpx 0.35 642 - Y 642
108-2-6B1 UofA gabbro cpx rim 0.13 932 790 N 790 817 3
108-2-6B2 UofA gabbro cpx rim 0.10 858 803 N 803
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Appendix P. Geothermometry Data (continued)
Sample Lab Rock Type Type X(ab) T (ed-tr) T (ed-ri) Quartz Temp. Ave. N

108-2-6C1 UofA gabbro cpx rim 0.10 1045 817 N 817
108-2-12E2 UofA PG after cpx 0.69 689 683 Y 689 661 3
108-2-12E3 UofA PG after cpx 0.7 577 - Y 577
108-2-12E4 UofA PG after cpx 0.58 717 674 Y 717
108-3-1 El UofA basalt after cpx 0.94 573 - Y 573 564 3
108-3-1E2 UofA basalt after cpx 0.94 550 - Y 550
108-3-1 FI UofA basalt after cpx 0.96 568 - Y 568
108-3-15A1 UofA basalt after cpx 0.71 604 - Y 604 646 8
108-3-15A2 UofA basalt after cpx 0.77 617 - Y 617
108-3-15A3 UofA basalt after cpx 0.67 611 - Y 611
108-3-15B1 UofA basalt after cpx 0.53 698 711 Y 698
108-3-15B2 UofA basalt after cpx 0.56 690 703 Y 690
108-3-15D1 UofA basalt after cpx 0.56 674 689 Y 674
108-3-15D2 UofA basalt after cpx 0.47 635 697 Y 635
108-3-1503 UofA basalt after cpx 0.72 640 629 Y 640
108-3-16A3 UofA epidosite patchy 0.99 617 - Y 617 625 7
108-3-16A3 UofA epidosite patchy 0.99 617 - Y 617
108-3-1601 UofA epidosite patchy 0.99 615 - Y 615
108-3-1602 UofA epidosite patchy 1.00 631 - Y 631
108-3-1602 UofA epidosite patchy 0.99 632 - Y 632
108-3-1605 UofA epidosite patchy 0.99 608 - Y 608
108-3-1606 UofA epidosite patchy 0.99 655 - Y 655
108-3-17A1 UofA PG after cpx 0.91 635 - Y 635 701 8
108-3-17A3 UofA PG after cpx 0.7 753 702 Y 753
108-3-17 A5 UofA PG after cpx 0.74 702 669 Y 702
108-3-17C1 UofA PG after cpx 0.82 668 614 Y 668
108-3-17C2 UofA PG after cpx 0.75 724 679 Y 724
108-3-17C3 UofA PG after cpx 0.78 676 640 Y 676
108-3-17E1 UofA PG after cpx 0.77 698 - Y 698
108-3-17E2 UofA PG after cpx 0.51 753 758 Y 753
110-1-15C1 UofA basalt patchy 0.85 723 665 N 665 719 2
110-1-15C2 UofA basalt after cpx 0.81 826 773 N 773 710 2
110-1-15C3 UofA basalt after cpx 0.87 717 646 N 646
110-1-15C4 UofA basalt patchy 0.78 720 677 N 677
110-1-25C1 UofA basalt patchy 0.89 681 625 N 615
111-4-6A3 UofA gabbro after cpx 0.58 767 762 N 762 784 6
111-4-6A4 UofA gabbro after cpx 0.46 792 778 N 778
111-4-6B1 UofA gabbro after cpx 0.4 743 742 N 742
111-4-6C2 UofA gabbro after cpx 0.42 813 812 N 812
111-4-6C3 UofA gabbro after cpx 0.4 792 801 N 801
111-4-6C4 UofA gabbro after cpx 0.42 909 808 N 808
113-1-10a1 OSU basalt patchy 0.98 521 - Y 521
113-2-11B1 UofA gabbro magmatic 0.12 1221 977 N 977
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A p p e n d i x  E

W HOLE ROCK M AJOR E L E M E N T  AND O X Y G E N  ISO TO PE

A N A LY SES

O x y g e n  I s o t o p e s

Whole rock powders were either prepared from rock chips in a tungsten carbide mill at the 

University of Victoria or obtained from colleagues at the University of Tasmania. Mineral 

separates were prepared from epidotized plagiogranite samples crushed with a steel mortar. 

The samples were sieved then quartz and epidote were separated using both magnetic and 

hand picking techniques. The final purity of the mineral separates was checked under a 

binocular microscope. Oxygen isotopic compositions of whole rock powders and quartz 

and epidote mineral separates were determined using the BrFs method of Clayton and 

Mayeda [1963] at the University of Alberta. Reaction temperatures were between 600° and 

650°C. All samples were dried at ~  100°C, loaded into Ni reaction vessels, and then 

outgassed at — 150°C under vacuum to remove any remaining adsorbed water prior to 

reaction with BrFs. Oxygen from the silicate phases was recovered quantitatively and 

converted to COz by passing it over a carbon rod suspended from a platinum wire in the 

vacuum line. The carbon rod was heated by tw o incandescent light sources. The converted 

GOz was condensed in the sample tube with liquid nitrogen. The isotopic compositions are 

reported with respect to SMOW (standard mean ocean water) in the usual Ô notation where:

s a m p le xlOOO

The fractionation factor between COa and water was taken to be 1.0407 [see discussion in 

O 'Neil et oL, 1975]. Reproducibility of replicate analyses of samples and standards is better 

than ± 0.2 %o, except for a few samples with high water contents that have higher 

reproducibilities of ±0.3%o due to less predictable oxygen yields.



2 9 6
M a jo r  E l e m e n t  Analyses

Samples from our collection were analyzed for major elements by X-ray fluorescence pORI^ 

at Cominco Ltd. Exploration Research Laboratory. Samples from Dr. T. Falloon were 
analyzed by XRF at the University of Tasmania.
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Appendix E. Whole rock major element and oxygen isotope analyses.
Sample Rock Type SiOz TiOz AlzOz FeOT MnO MgO CaO NazO KzO PzOs LOI S"0
89-3-1 Basalt 49.51 0.75 18.95 10.79 0.19 532 1134 238 039 0.18 2.50 93
91-3-1 Basalt 5 0 1 0.88 15.80 12.97 030 5.95 9.63 2.70 033 0.04 3.05 10.6
100-1-19 Basalt 50-47 0.71 16.40 834 030 8.59 1232 2.67 036 0.04 2.14 93
101-1-6 Basalt 56.73 1.66 15.97 839 030 5.68 4.68 634 0.11 0.14 331 8.6
110-1-1 Basalt 49.20 133 15.80 10.73 0.18 8.51 11.74 233 0.09 0.09 2.41 5.4
110-1-17 Basalt 49.92 1.64 14.91 12.11 0.19 737 10.93 237 032 0.14 1.60 7.0
88-1-8 Boninite 54.69 027 12.58 7.56 0.17 13.47 8.18 233 0.82 0.03 5.49 12.9
102-1-4 Boninite 52.50 0.17 12.42 7.89 0.17 14.47 9.71 2.05 0.63 b.d 5.45 12.0
102-1-20 Boninite 53.40 0.18 13.89 8.57 0.13 10.55 9.56 2.00 1.70 0.02 4.99 13.4
111-1-8 Diabase 49.78 1.77 1435 12.07 031 731 11.57 2.67 030 0.15 0.50 6.8
87-1-1 Diabase 55.33 0.85 14.92 11.90 0.18 4.56 8.92 2.43 0.84 0.09 1.60 6.6
90-1-16 Diabase 52.50 0.98 14.62 10.76 0.19 7.48 10.83 2.47 0.08 0.08 0.97 73
90-1-19 Diabase 52.77 131 13.84 12.80 031 6.47 9.63 2.75 0.10 0.12 1.60 7.5
99-2-10 Diabase 51.95 1.90 14.91 12.24 0.41 6.67 730 4.06 032 0.15 3.09 5.8
100-1-39 Diabase 50.01 1.49 14.31 10.49 0.19 9.98 1038 2.94 0.16 0.16 230 8.6
101-1-2 Diabase 53.65 1.65 14.92 11.36 031 5.94 6.49 532 033 0.14 234 8.9
110-1-24 Diabase 50.30 1.43 15.30 11.23 034 7.01 11.48 2.60 039 0.12 1.58 7.0
111-1-3 Diabase 58.06 0.89 15.85 11.79 031 6.70 237 3.75 039 0.07 4.73 6.6
111-1-20 Diabase 54.51 1.18 16.62 1331 0.16 5.49 2.44 5.91 036 0.12 3.63 8.7
90-4-1 Gabbro 4937 0.10 21.59 3.14 0.07 7.64 16.65 1.36 0.05 0.01 2.04 5.6
90-4-2 Gabbro 49.44 0.14 19.26 3.88 0.07 9.07 16.82 135 0.05 0.01 2.42 6.5
90-4-3 Gabbro 50.37 0.10 17.97 531 0.08 11.82 11.85 2.05 0.54 0.01 6.69 8.0
99-2-1 Gabbro 50.31 033 20.10 5.05 0.10 8.40 1339 238 0.16 b.d 3.75 6.6
99-1-26 Gabbro 50.91 0.35 17.79 4.13 0.09 836 16.64 1.80 0.03 0.01 0.99 4.7
99-1-33 Gabbro 51.38 035 16.35 6.54 0.12 9.98 13.64 1.71 0.02 0.01 0.40 5.5
111-4-3 Gabbro 47.12 0.10 18.94 5.04 0.11 12.90 14.32 1.45 0.02 0.01 4.40 63
111-4-6 Gabbro 52.57 0.53 17.88 8.30 0.15 6.77 10.49 2.98 038 0.05 1.52 7.6
112-2-1 Gabbro 45.98 0.11 19.35 2.77 0.05 10.33 21.04 034 0.10 0.02 5.03 5.9
98-2-1 Peridotite 44.46 0.01 0.10 8.40 0.10 46.15 0.74 0.01 0.01 0.01 b.d 5.8
112-1-7 Peridotite 46.10 0.01 037 839 0.08 45.02 0.06 0.04 0.01 0.01 14.06 4.8
96-1-3 Plagiogranite n.cL n.d. n.cL n.d. n.d. n.d. n.d n.d n.d n.d n.d 7.4
96-1-10 Plagiogranite 67.70 0.65 1436 6.35 0.02 1.06 4.74 4.99 0.01 030 137 8.1
96-1-15 Plagiogranite 67.37 0.70 13.96 7.55 0.03 1.12 3.44 5.56 0.02 036 139 8.4
96-1-16L Plagiogranite n.cL n.d. n.cL n.d. n.d. n.d n.d n.d n.d n.d n.d 6.5
96-1-16D Plagiogranite n.d. n.d. n.cL n.d. n.d. n.d n.d n.d n.d n.d n.d 5.5
96-1-19 Plagiogranite n.d. n.d. n.d. n.d. n.d n.d n.d n.d n.d n.d n.d 10.6
96-1-27 Plagiogranite n.d. n.dL n.cL n.cL n.d. n.d n.d n.d n.d n.d n.d 73
96-1-29 Plagiogranite 71.51 0.35 12.79 4.51 0.05 039 7.42 3.02 0.01 0.05 1.16 6.6
96-1-30 Plagiogranite 63.33 0.52 15.17 735 0.05 0.66 12.28 0.58 0.05 0.10 2.00 63
96-1-35 Plagiogranite 74.79 0.35 11.93 3.20 0.07 030 5.80 3.61 0.01 0.05 0.81 63

Note: Major element analyses (wt %) were recalculated to 100 
Isotope values are quoted in %o relative to the SMOW standard.

percent on an anhydrous basis. All Fe as FeO. 
b.d. = below detection; n.d. = not determined.




