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ABSTRACT

The construction of an Andean-type magmatic arc involves the transpor­

tation and differentiation of material from the mantle, resulting in new 

continental crust, as well as recycling of pre-existing crust. This study of the 

southern Patagonian batholith at 53°S (Xaultegua area) identifies the spectrum 

of plutonic rocks that extend from relatively old (126-80 Ma) gabbro to 

younger (50-20 Ma) granite with the voiumetrically dominate lithology being 

intermediate age biotite-hornblende tonalité. Low Sr(i) ratios indicate that 

plutons of the Xaultegua area incorporated only minor old crustal components, 

in contrast to portions of the batholith containing older plutons. Individual 

parental magma types and fractionation sequences have resulted in four distinct 

rock series. The two volumetrically-dominant rock series, calcic and calc- 

alkaline, formed from two mantle-derived magma types with significantly 

different h^O-contents. Two minor rock series, trondhjemite and mixed, are 

temporally and spatially restricted. The trondhjemite rock series formed by 

melting of early plutonic rocks during the Andean orogeny. The mixed rock 

series appears to have formed from contamination of granodioritic magma with 

trondhjemitic host rocks.

Crustal thickening due to arc plutonism results from the migration of 

mantle-derived magma into pre-existing continental crust. Relationships 

between age, lithology, and depth of emplacement for plutons in the Xaultegua 

area indicate that mafic magma crystallizes at greater depth than felsic magma. 

Variations in crystallization ages between adjacent areas within a magmatic arc
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may not be the result of diachronous plutonic activ ity , but rather to variations 

in regional uplift histories. The span of crystallization ages within an area is 

controlled by the rate of crustal uplift. Continual crustal thickening results in 

continual uplift. Under these conditions, inflation dynamics and erosion 

dictate that upper crustal plutons shallow, while lower crustal rocks deepen. 

Thus, lower crustal rocks w ill not be exposed until arc magmatism is 

terminated.
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Chapter 1 

PREFACE

A primary objective of this study was to describe and identify the 

petrologic origins of plutonic rocks found in a portion of the southern 

Patagonian batholith (Xaultegua area, 53°S). Field work was conducted with 

logistical support provided by the R /V  Hero, a research vessel operated by NSF. 

The multiple scientific objectives of the cruise and the regional nature of the 

investigation dictated that only a reconnaissance petrologic sampling program 

could be undertaken.

Isotopic geochronology and pétrographie studies confirmed and quantified 

field observations indicating a progression in time from mafic to felsic plutonism. 

This behavior was also observed in other areas of the batholith. An initial 

interpretation of these data in terms of synchronous uplift-intrusion mechanics 

was presented by Bruce et al. (1986a).

Major- and trace-elem ent data provided a more complete character ization of 

the plutonic rocks in the Xaultegua area. Two voiumetrically dominant chemical- 

petrologic rock series that originated from separate and distinct man tie -de rived 

parental magma types were recognized. Two minor rocks series appear to have a 

crustal origin. These interpretations were presented by Bruce et al. (1987a).

In the field, it was recognized that older plutons in the Xaultegua area 

crystallized at mesozonal depths, while some of the youngest plutons crystallized
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at epizonal depths. This relationship between composition, crystallization depth, 

and age was later quantified and is interpreted to reflect synchronous intrusion 

and uplift during magmatic arc construction. The exposed plutons were 

assembled within a particular crustal horizon during its uplift toward the surface 

of the earth. The consistent age-Sr(i) relationship of plutons from throughout 

the batholith demonstrate the regional uniformity of arc magmatic process. The 

different isotopic age spectra in separate areas can be explained by variations in 

local uplift histories. This concept was presented by Bruce et al. (1986b).

An e ffo rt was made to describe and identify the processes responsible for 

the observed patterns. This resulted in the creation of a rigorous geometric 

model of pluton intrusion and uplift that provided the tool necessary to study 

the effects of changing uplift rate on the age and duration of preserved 

plutonism. The geometric model demonstrated several difficulties in interpreting 

regional age-lithology data. This refined model was presented by Bruce et al. 

(1987b).

The current model incorporates the concept of crustal inflation due to 

magmatic additions. During crustal thickening which triggers isostatic uplift, not 

all crustal horizons approach the surface of the earth. A nodal plane separates 

crustal horizons that are shallowing from those that are deepening. This concept 

introduces a reference frame needed to identify crustal levels that will not reach 

the surface under current conditions. A ll three major components have been 

included in a manuscript submitted to Tectonophisics in December 1987. Chapter 

Three is taken from this manuscript with only minor changes to accommodate the

C.S.M. thesis form at. Copies of the published abstracts appear in appendix H.
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Chapter 2

PETROGENETIC DEVELOPMENT OF THE 

SOUTHERN PATAGONIAN BATHOLITH:

EVIDENCE FROM 53°S

Introduction

The southern Patagonian batholith (SPB) is one of the large Mesozoic- 

Cenozoic batholiths that form major portions of western South America. It 

forms the southernmost segment of a se mi-continuous chain of subduction- 

related, magmatic arc plutons exposed from Venezuela to Cape Horn. The SPB 

is exposed in the Andes of southern Chile forming a nearly continuous 1200 km- 

long, 50-100 km wide, curvilinear belt between 46°S and 56°S (Fig. 2.1). A t 

Cape Horn it projects offshore into the Scotia Sea where it has apparently been 

truncated by Cenozoic rifting (Barker and G riffiths, 1972). The batholith is 

exposed in a region that varies from the high ( 4000m), ice-capped peaks of the  

continental divide along the eastern margin of the batholith, to an insular and 

peninsular region of fjords and canals along the rugged western coast. Because 

this region is extremely remote and almost entirely unpopulated, few regional or 

detailed geologic studies have been undertaken. This contribution reports 

geochronologic, geochemical and petrologic findings from a study of the Gulfo 

Xaultegua region at 53°S in Chile. No known reconnaissance or detailed
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Patagonian batholith

Baker

irwin

Xaultegua

Fig. 2.1 Study Area Location Map

Plutonic outcrops shown in black. NAZ= Nazca plate, 
SAM= South American plate, ANT= Antarctic plate.
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petrologic studies have been published for this region. A review of the early 

studies of the SPB as well as a general description of the field petrology for the 

batholith can be found in Nelson et al. (in press).

The study area encompasses approximately 9000 km^ centered around the 

Golfo Xaultegua and the Straits of Magellan at 53°S (Fig. 2.1 and 2.2). Field  

log istics  prevented tra d it io n a l d e ta iled  geologic mapping during this 

reconnaissance study with observations restricted to sea level exposures and an 

average station spacing of two nautical miles (Fig. 2.2). Because of the lack of 

continuous geologic mapping, spatial and temporal relations between individual 

samples cannot be defined. Therefore, this study focused on the regional, time- 

integrated petrologic evolution of the batholith, from which systematic changes 

within and between coherent petrologic rock series can be demonstrated. In 

most cases, the source and sequence of events responsible for distinct rock 

series can be interpreted from the data. These new observations provide insights 

into the magmatic processes and products of mature arcs hosted in relatively  

thin, young continental crust.

The SPB is situated along the active continental margin of southernmost 

South America where the Antarctic plate is being subducted beneath the South 

American plate (Fig. 2.1). The Chile Margin triple junction, a t 46°S., marks the 

northern boundary of the SPB as defined here. North of the triple junction 

subduction rates are 9 cm/a whereas south of the triple junction they are 

2 cm/a (Forsyth, 1975). Holocene volcanic activ ity  is minimal south of the 

triple junction compared to north of it (Stern et al., 1976). Plutons of the SPB 

intruded a forearc region of tectono-stratigraphic terrains accreted along the
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Pacific ma rein of Gondwanaland, which has been an active continental margin at 

least since the late Paleozoic (D alziel, 1981; Forsythe, 1982). The country rocks 

to the batholith consist of various lithologie elements including 1) volcaniclastic 

flysch, 2) radiolarian chert, 3) reef limestone, 4) pillow basalt, 5) ultram afic  

rocks, and 6) quartz-veined phyllite (Mpodozis and Forsythe, 1983) in addition to 

volcanic rocks of the Late Jurassic Tobifera Formation, early Cretaceous 

ophiolitic rocks, and early Cretaceous marginal basin in fill. Mafic to felsic 

volcanic rocks of unknown age are also present in isolated exposures within the 

batholith.

Most of the plutons of the Xaultegua area, comprising two major rock 

series, are net additions to the continental crust. They were derived principally 

from  the m antle and young mantle derived crustal components, having 

incorporated relatively minor amounts of old continental m aterial. Geochemical 

evidence suggests that two distinct parental magma types produced the major 

rock series. These magma types differed in their large ion lithophile element 

(LIL) contents and degree of hydration. Two minor rock series originated from  

crustal melting and contamination processes involving older plutons. The small 

proportion of host rock within the batholith suggests the batholith grew outward 

by inflation.
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Field Observations

Plutonic rocks of the Xaultegua region contain felsic to mafic lithologies 

typical of the entire SPB (Bruce et al., 1986a; Nelson et al., in press) as well as 

two minor felsic peraluminous rock series. Mafic rocks include gabbro, diorite, 

quartz monzodiorite and mafic quartz diorite which are generally coarse to 

medium grained with no flow or deformational fabric. Some mafic rocks have 

clear cumulate textures and cumulate layering. Mafic rocks with a Cl between 

75 and 40 are relatively rare, comprising only 10 to 20 percent of the outcrop 

area. Younger, medium-grained, intermediate composition plutons, which include 

felsic quartz diorite, quartz monzodiorite, and tonalité, comprise the bulk of the 

batholith in the Xaultegua area and the entire SPB. Some samples have a weak 

foliation, but lack significant protociastic or subsequent deformation. The 

youngest rocks include felsic tonalité, granodiorite, and granite with a Cl less 

than 10 and often less than 5. Compared to the older, more mafic rocks, these 

felsic rocks tend to be finer grained and have suffered more, though still minor, 

deuteric alteration. M iarolitic cavities typify some of the youngest intrusive 

rocks. Like mafic rocks, felsic rocks are a subordinate component (10 to 20 

percent) of this primarily intermediate batholith.

A consistent mafic to felsic lithologie progression exists in the Xaultegua 

area and the SPB as a whole (Bruce et al., 1986a). Mafic dikes and the two 

minor rock series are the only exceptions to this behavior.

Contacts between plutons, where observed, are sharp, usually showing signs
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of brittle  fracture resulting in angular xenoliths of older mafic plutons being 

rafted into felsic magma. Considerable deformation and recrystallization was 

observed within mafic xenoliths, but lit t le  or no reaction was observed along 

pluton boundaries. Contacts between older plutons and country rock are 

generally zones of moderate post-magmatic deformation while younger plutons are 

bounded by passive stoped contacts. Dikes are common in mafic and 

intermediate composition plutons, but rare in more felsic plutons. Most plutons 

contain both syn-plutonic and post-plutonic mafic dikes, suggesting multiple 

emplacement events. Felsic, pegm atitic, granophync, and aplitic dikes are rare.



Geochronology

Isotopic ages confirm and quantify the plutonic history inferred from field  

relations. The period of recorded magmatism in the Xaultegua area ranges from 

126 to 11 iMa (Table 2.1). A general lack of deformed plutons and agreement 

between ages determined with d ifferent isotopic dating methods (Table 2.1 ) 

indicates that the ages reported are close to the actual crystallization ages. 

Ages plotted in Fig. 2.2 are ages from Table 2.1 or an average when more than 

one age was available for an individual sample. These data indicate that 

progressive changes in pluton composition did not occur in short repetitive  

cycles as reported in Peru (Pitcher et a l., 1985), but that the mafic to felsic 

progression in Xaultegua reflects some long term process(es). The 115 My-long 

magmatic history in the area and the 48 My gap between emplacement of the 

youngest gabbro and the oldest granite precludes these rocks from being the 

product of a single differentiation event. This long term change in composition 

may be the product of changing intrusion depth with time in a continually 

uplifting magmatic arc, as suggested by Bruce et al. (in press).
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Table 2.1 Isotopic Ages from Xaultegua

Map
#

Sample Rock
Series

Rock
Name

Material Method Age (Ma)

44 BB-2A K QD Horn A r/A r 71.9 ±3.8
Bio A r/A r 68.8 ±0.5

37 BB-6A K QMD Zircon U/Pb 76.2 ±0.4

6 MA-21 K TO Horn A r/A r 49.2 +2.9
Bio A r/A r 49.5 + 1.2

76 GX-9A C QD Horn A r/A r 125.9 ±2.6

70 GX-19 K GR WR A r/A r 14.0 + 1.1

67 GX-27 K GR Bio A r/A r 21.4 ±0.5

13 MA-28 C MTO Zircon U/Pb 102.0 ±0.8

27 MA-37 M GR Bio A r/A r 66.5 ± 1.6

31 MA-39C K DI Horn A r/A r 98.4 ±6.0

56 MA-66A K DI Horn A r/A r 81.9 ±4.5

86 MA-70A T TO Bio A r/A r 72.6 ±5.0
87 MA-71B T TO Bio A r/A r 70.5 +0.9

Muse A r/A r 72.8 ±0.7

34 3G-210 K MTO Bio A r/A r 77.3 ±1.1

Grouped data represent samples from the same pluton.

Rock Series: C=calcic, K=calc-alkalme, M= mixed, and 
T=trondhjemites.

Rock Names: DI=diorite, GR=granite, MTO= mafic tonalité, 
TO= tonalité, QD= quartz diorite,
OMD= quartz monzodiorite

Material: Bio=biotite, Horn= hornblende, Musc= muscovite
WR= whole rock powder
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Sr Isotope Geochemistry

Plutons of the Xaultegua area have low initial Sr ratios, 5r(i), indicating 

that they were derived principally from mantle or young continental sources and 

that only minor contamination from old continental crust has occurred (Fig. 2.3). 

The trend of decreasing Sr(i) observed for the SPB as a whole (Fig. 2.3) 

indicates that the involvement of an older crustal component was significant, 

early in the history of the batholith, but decreased over time. Weaver et al., 

(1986b) and Nelson e t al., (1987) using bulk mixing, partial melt mixing, and AFC 

calculations demonstrated that early SPB plutons could have incorporated 30 to 

40 percent of a crustal component equal to the exposed host rocks. Nd and Sr 

isotopic compositions for rocks from the Xaultegua area along with more 

extensive Sr and Nd data from the SPB at 48°S (Weaver e t al., in press), support 

the contention that the involvement of continental crust in arc magmatism 

decreased with time. Significant fractionation may have occurred at crustal 

levels, but lit t le  assimilation of old preexisting crustal material occurred during 

genesis of the relatively young plutons of the SPB. The Xaultegua area plutons 

will therefore be considered as primarily products of mantle and young mantle 

derived crustal components and not the product of recycled older continental 

crust.
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FeO*

T h o l e i i t i c

Aik MgO

Fig. 2A AFM

Major element data from the Xaultegua area plotted using the classification 
method of Irvine and Baragar (1971).
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0 1 '

Ne' Q*

Fig. 2.5 N e-O i-Q tz

Normative data plotted using the classification method of Irvine and Baragar 
(1971). Calculated minerals: 01'= olivine, Ne'=nepheline, Q'= quartz.



T-3511 17

Two Principal Rock Series

The calcic and calc-alkaline rock series comprise most of the plutonic 

rocks exposed in the Xaultegua area (Fig. 2.2). The calcic and calc-alkaline  

designations are based on their distinction using the alkali-lim e index of Peacock 

(1931), later modified by Brown (1979; Fig. 2.6). Quartz and feldspar modes (Fig. 

2.7), demonstrate the wide range in felsic mineral proportions within and between 

each rock series. The rock series range from mafic diorite and gabbro to felsic 

tonalité and granite. Calcic series rocks contain litt le  or no alkali feldspar; this 

is true for mafic diorite and gabbro right through the series to felsic tonalité. 

In contrast, calc-alkaline series rocks contain notable alkali feldspar; mafic rocks 

contain minor, late-stage intergranular orthoclase and more felsic rocks contain a 

much larger percentage of early crystallizing alkali feldspar. The difference in 

mineralogy is interpreted to result from a significant difference in the K2O 

content between the two parental magmas types.

The difference in mineralogical composition and the distinct evolutionary 

paths followed by these two rock series are also reflected in marked chemical 

differences (Fig. 2.8). Although parental magma compositions cannot accurately 

be defined for each series, a significant difference in K2O content can be 

demonstrated by comparing mineral modes and whole rock chemical data for 

samples at equivalent points in their evolution, as reflected by Si0 2  content. 

Four samples have been chosen for this analysis, two from each rock series with 

approximately the same silica content. Si0 2 , K2O, and mineral modes for these 

samples are listed in Table 2.2. A t 49% 5102 the K2O content between the two
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Qtz

101

FlagA i k
1000 counts per sample

Fig. 2.7 Modal Classification

Mineral data from the Xaultegua area plotted according to the method of 
Streckeisen (1976), (Calc-alkaline: open squares, Calcic: filled circles, 
Trondhjemite: open triangles, Mixed: plus symbol).
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rock series differs by an order of magnitude. It could be argued that these 

rocks are cumulates and that the difference is due to the notable difference in 

their modal mineralogies. To test this hypothesis, stoichiometric K2O in biotite 

and alkali feldspar ( I<2 0 -rich cumulate phases) was subtracted from their whole 

rock values (Table 2.2). The remaining K2O must reside in plagioclase and 

hornblende in amounts proportional to the activity of K2O in the magma from 

which they crystallized. The residual K2O in the calc-alkaline rocks is much 

greater than in the calcic rocks suggesting that, though the rocks sampled may 

be cumulates, the analysis still indicates that potassium content was higher in 

the calc-alkaline magma. This analysis supports the conclusion derived from  

pétrographie observations that the two rock series originated from separate 

magma types; a higher K2O calc-alkaline parent and a lower K2O calcic parent.

Although both rock series contain hydrous mafic minerals, magmas of the 

calcic series appear to have been less hydrous than those of the calc-alkaline 

rock series. Hornblende and biotite are the dominate mafic minerals of 

intermediate and mafic rocks of both rock series, but orthopyroxene and 

clinopyroxene are common (Fig. 2.9), usually present as irregular shaped cores in 

reaction relation with rims of hornblende and biotite. Pyroxene cores appear to 

have reacted with the liquid as f ^ O  increased with increasing crystallization. A 

few samples from the calcic series contain more pyroxene than the sum of 

biotite and hornblende. In general pyroxene-bearing calcic rocks have less 

extensive reaction rims than pyroxene-bearing calc-alkaline rocks, though biotite 

is common in both rock series. In calc-alkaline rocks, biotite is present in the 

outer portion of reaction rims, as in calcic rocks, and also as detached euhedral

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN. COLORADO 80401
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Table 2.2 Residual K2O

Whole Rock Residual 
Sample SiQ? K7Q K2O

Calc-alkaline M A -66A 49.47 1.13 0.62
Rocks MA-39C 49.95 1.02 0.45

Calcic MA-20B 48.96 0.16 0.03
Rocks MA-25B 49.25 0.17 0.06

Modal Mineralogies
Sample Q tz Flag K-spar Bio Horn Px Opq

M A -66A 1.2 32.3 3.1 0.3 65.8 0.0 0.1
MA-39C 0.3 22.4 1.4 3.6 72.7 0.0 0.2

MA-20B 0.9 77.2 0.0 1.4 10.4 3.1 5.7
MA-25B* 0.3 54.5 0.0 1.2 19.7 25.8 0.6

Calculation of residual K2O after stoichiometric K2O in 
K-bearing phases is removed.

crystals. Some mafic calc-alkaline rocks contain no recognizable pyroxene cores 

and contain euhedral hornblende and biotite, suggesting that pyroxene never 

existed or was completely re sorbed. These observations suggest that magmas 

parental to the calcic series rocks had lower fh^O than magmas parental to the 

calc-alkaline series rocks, or may be another manifestation of the difference in 

their LIL contents.

Interpretation of pétrographie data and the variations of K2O with S1O2 

(Fig. 2.9) indicate that not only did the two rock series have d ifferent parental 

magma com positions, but th a t the ir d ifferentiation produced divergent 

evolutionary paths. Calc-alkaline rocks exhibit an exponential increase of K2O
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with S1O 2, analogous to the behavior of incompatible trace elements during 

fractional crystallization. Potassium is not a trace element and therefore is not 

an incompatible element in the traditional sense, but its exponential increase 

with increasing Si0 2  is still indicative of a crystallization process that 

concentrates K2O in the m elt. The progressive increase in K2O is correlated  

with an exchange of b iotite for hornblende as the dominant mafic mineral and a 

progressive increase in alkali feldspar content.

Variations of K2O with increasing Si0 2  in the calcic rock series suggests a 

more complicated history. The mafic end of the series is similar to that of the 

calc-alkaline trend, but the increase in K2O ceases at about 58% Si0 2  and K2O 

remains constant throughout the more felsic portion of the rock series (Fig. 2.9). 

Variations along the mafic portion of the curve can be ascribed to fractional 

crystallization as in the case of the calc-alkaline rocks. The invariant portion 

of the curve could be interpreted to result from magma mixing, although no 

known low potassium, high silica mixing component has been identified. The 

marked change in curvature for the K2O vs S1O 2 data from calcic rocks at 58% 

silica suggests that K2O was buffered in the intermediate and felsic members and 

coincides with the change from hornblende-dominant to b iot i te -do minant mafic 

mineral assemblages within the calcic rock series. A precise explanation for the 

change in slope can not be defined, though the general parameters of the system 

can be identified. In a low K2O parental magma, the change to K2O saturated 

phases in the crystallizing assemblage could moderate K2O in the resulting rocks. 

A crystallizing assemblage that incorporates at or above the concentration 

level of the liquid, w ill produce a stable or decreasing potassium content in the
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magma and prevent potassium contents from rising in subsequent rocks. As the 

rocks become more silicic, the CaO content falls (Fig. 2.8) and the increasingly 

albitic plagioclase is better able to incorporate potassium. The increasing 

com patibility for potassium developed by plagioclase plus the growing proportion 

of biotite would enable the evolving crystallizing assemblage to more effectively 

incorporate potassium and stabilize its content in resulting rocks. This is 

opposite of what is observed in calc-alkaline rocks where potassium was 

incorporated into the crystallizing assemblage at a concentration lower than in 

the parental liquid. The increasing concentration of K2O in the evolving magma 

resulted in higher concentrations of K2O in successive rocks. This again 

suggests that the K2O content of calc-alkaline magmas were substantially greater 

than that of calcic magmas.
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Aerial and Temporal D istribution. Exposures of the calcic and calc-alkaline 

series rocks overlap geographically, but each type dominates a separate portion 

of the study area (Fig. 2.10). Most of the calcic series rocks are located in the 

western, seaward side, of the study area, while most of the calc-alkaline series 

rocks are located in the eastern, continental side. Calcic rocks in the east are 

relatively old isolated diorite and mafic tonalité plutons. Calc-alkaline rocks in 

the west consist of a young granite-granodiorite complex and isolated mafic 

tonalité and quartz monzodiorite plutons. Calcic plutons become more mafic to 

the north and east whereas calc-alkaline plutons become more felsic to the east.

A west to east migration of magmatic activ ity  has been reported in 

northern Chile (Farrar e t al., 1970). This is not characteristic of the 5PB as a 

whole (Bruce e t al., 1986a; Nelson e t al., in press), and Weaver e t ai. (1986) have 

shown that magmatism is progressively younger toward the center of the SPB at 

48°S. A t 53°S the primary criterion for determining the nature of magmatic 

migration is field data and the erratic  and inconsistent distribution of isotopic 

ages. Magmatism did not uniformly or linearly migrate with time. The central 

locus of magmatism moved from west to east, but old plutons exist in the east 

and plutons were continually emplaced throughout the lateral extent of the SPB. 

The discontinuous nature of the field data, and the limited number of isotopic 

dates do not allow for a rigorous definition of the spatial magmatic history.

Isotopic ages (Table 2.1, Fig. 2.9) suggest that the calcic rock series may be 

older than the calc-alkaline rock series. Dated mafic and intermediate calcic 

series rocks are older than any dated calc-alkaline series rocks. The lack of 

isotopic ages for felsic calcic series rocks, makes it impossible to determine if
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the two rock series are coeval. The small gap in time between the youngest 

calcic age and the oldest calc-alkaline age suggest that some overlap may exist. 

Because of the geographic distribution of these two rock series, their apparent 

age difference further supports the idea that the center of magmatic activ ity  

migrated from west to east.

Minor Rock Series

Two volumetrically minor rock series, exposed in the Xaultegua study area, 

are atypical of plutonic lithologies found in the SPB. Plutons of these rock 

series are geographically and temporally restricted, and consist of a suite of 

trondhjemites and a suite of tonalités and granodiorites. Both suites are 

strongly peraluminous and might be considered to result from crustal melting of 

sedimentary rocks. However, they have relatively low Sri ratios (0.70443 and 

0.70469) and because the basement has an average Sri of 0.7125 Weaver et al. (in 

press), it is concluded that these two rock series have incorporated little  of the 

sedimentary basement assemblage. Their age and chemistry suggest they were 

generated from, or significantly contaminated by, older plutons of the SPB.
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hydrous minerals and the assumed presence of volatiles derived from the 

subducting oceanic crust. Higher aH^O increases hornblende stability, but also 

depolymerizes silicate melts and lowers the stability of framework silicates such 

as plagioclase. Thus, a t middle to lower crustal pressures (5 to 25 kb) 

plagioclase w ill melt before hornblende as temperature increases (Wyllie, 1971). 

Preferential melting of plagioclase over hornblende produces an identifiable 

chemical signature in the resulting magma.

The low potassium content of the trondhjemites (0.65 to 1.47 percent K2O) 

indicates they were derived from a low potassium source such as the mafic calcic 

series rocks (Fig. 2.8 and Table 2.2). The small and inconsistent percentage of 

potassium phases in the mafic calcic series rocks and varying degrees of partial 

melting could explain the range of Ba values. The high Ba contents suggest that 

whatever potassium phases originally existed in the source melted early.

Chemical evidence suggests that the trondhjemites were produced by 

preferential melting of plagioclase in the presence of a hornblende residuum, a 

proposed host similar to mafic calcic series rocks. Most calcic and calc-alkaline 

series rocks contain between 3 and 4 percent Na2 0 , whereas the trondhjemites 

contain between 4.59 and 6.39 percent Na2 0  (Fig. 2.8). The higher Na2G content 

can be explained by melting of plagioclase in the source, which produces a sodic 

melt (Bowen, 1913). Hornblende would not buffer Na2 0  resulting in a melt with 

a higher concentration of Na2 0  than its source. Another indication that 

plagioclase melted in the presence of hornblende is the decoupling of CaO and Sr 

(Fig. 2.8). CaO is significantly lower in the trondhjemites than in the mafic 

calcic rocks as would be expected from melting of plagioclase. The trace
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element Sr generally behaves like CaO and is compatible in plagioclase, but is 

incompatible in hornblende (A rth , 1976). Sr is higher in the trondhjemites than 

in many of the mafic calcic rocks, indicating that as plagioclase melted, CaO was 

incorporated in the residual assemblage of increasingly calcic plagioclase and 

hornblende while Sr was not. E ffectively , hornblende incorporated CaO released 

during melting while the Sr accumulated in the melt. Further evidence of 

residual hornblende can be seen in the Y data (Fig. 2.8). A ll trondhjemite 

samples have Y concentrations less than 10 ppm, suggesting that a mineral such 

as hornblende (in which the HREE elements are highly compatible) remained in 

the residuum during partia l melting. Again these data suggest that plagioclase 

was the primary phase melted and that hornblende remained in the residuum. 

The low T 102 content of the trondhjemites (Fig. 2.8) indicates that melting did 

not proceed to the point of involving significant amounts of iron-titanium oxides.

The age and location of the trondhjemites suggests that they were a 

product of the Andean orogeny. The two dated samples (73 and 72 Ma) 

crystallized a fter the peak of metamorphism associated with this orogeny, 

estimated at 100 to 85 Ma in the Cordillera Darwin area at 55°S (Fig. 2.1; 

Nelson, 1981; Herve e t al., 1981), and a fter the peak of maximum recorded 

magmatism in the SPB as a whole (Fig. 2.11). The coincidence of a crustal 

thickening event (Andean orogeny) and high heat flow associated with a peak in 

magmatic activ ity  would create conditions appropriate for melting of mafic 

plutonic rocks. I f  the trondhjemites represent crustal melting, their confinement 

to a narrow belt along the center of the batholith (Fig. 2.2 and 2.10) suggests 

that only in the center of the magmatic arc did the temperature rise sufficiently
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Southern Patagonian batholith ages

15  25  3 5  45  55  65  75  85  95  105  115  125 135  145 155 165

Age (Ma)

Fig. 2.11 Age Histogram

Data from plutonic rocks from the southern Patagonian batholith, 480-5 5 ° S. 
compiled from: Halpern, 1973; Herve et a l., 1981; Herve e t al., 1984; Bruce et 
al., 1986a; Bruce unpublished; Suarez e t a l., 1986.
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to induce melting of mafic plutonic rocks.

In the Xaultegua area, trondjemites have a deformation fabric whereas older 

and younger plutonic rocks do not. This suggests that, at the emplacement level 

exposed today, deformation was not very intense and that only rocks intruded 

during or shortly before the deformation were thermally weakened enough to be 

affected. The age and intensity of deformation are less than to the south in 

Cordillera Darwin, and it  appears likely that the northward migration and 

decrease in intensity of deformation recognized in the foreland (Winslow, 1982) 

also occurred in the magmatic arc portion of the orogen.

Mixed Rock Series . The mixed rock series consists of medium-grained 

tonalités and granodiorites (Fig. 2.7) that border (Fig. 2.2), and postdate the 

trondhjemites (Fig. 2.9). These rocks are locally deformed, though significantly 

less so than the trondhjemites. Euhedral plagioclase grains show significant 

sericite alteration that may have affected the original igneous composition of 

these rocks. B iotite (1 to 10%) is present in every sample and trace amounts of 

muscovite and garnet are present in most samples. The alteration, aluminous 

mafic minerals, composition, and variable deformation are characteristics 

interm ediate between the trondhjemites and felsic calc-alkaline rocks.

In addition to the age, location, and pétrographie data, chemical evidence 

supports the hypothesis of a mixed origin for this rock series. Fig. 2.8 

demonstrates the variable a ffin ity  these rocks have for the other rock ‘series.
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The criterion that best displays the potential mixed origin of these rocks is the 

plot of CaO - K2 0 -N a 2 0  (Fig. 2.12). With the data displayed in this manner, it is 

clear that samples of the mixed rock series lie between the trondhjemite series 

and the intermediate and felsic members of the calc-alkaline series.

Rocks of the mixed series have only been recognized in exposures adjacent 

to the trondhjemite belt. They are younger than the trondhjemites as 

determined from intrusive relationships and isotopic dating (Figs. 2.2 and 2.9). 

Rocks in the border zone of the trondhjemite belt that are not members of the 

mixed rock series are all older, more mafic plutons of the calcic and calk- 

alkaline rock series.

The available data are consistent with the mixed rock series having formed 

as a result of interactions between rocks of the trondhjemite series and younger 

felsic calc-alkaline magma. Plutons of the mixed rock series are younger than, 

and peripheral to, the trondhjemites. They have chemical, mineralogical, and 

textural characteristics intermediate between the trondhjemite series and the 

felsic members of the calc-alkaline rock series. Their geographic restriction  

suggests a relationship between the mixed and trondhjemite rock series. The 

temporal relationship suggests that the mixed rock series represents a younger 

magmatic event than the trondhjemite rock series. Only the mixed and felsic 

calc-alkaline plutons are younger than the trondhjemites.
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CaO

Na20 Kâ

Fi<y. 2.12 Ca0 -N a2 0 -K 2 0  Variation Diagram

Major element data from the Xaultegua area, (Calc-alkaline: open squares, 
Calcic: filled circles, Trondhjemite: open triangles, Mixed: plus symbol)
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Conclusion

5r(i) data suggest that plutons of the Xaultegua area were principally 

derived from m antle- and young m antle- derived sources without significant 

involvement of old continental components. The broad compositional range and 

divergent lithoiogical trends indicate that complex and varied fractionation and 

mixing processes were involved. Magma evolution processes, that originated in 

the mantle, continued within the crust. The lack of recognized short, repeated, 

magmatic evolutionary cycles indicates that the petrogenetic processes involved 

are not analogous to those studied in Peru.

Based on available data, the large range of isotopic crystallization ages and 

the slow lithologie progression precludes a simple model involving all plutons 

crystallizing from a single magmatic event. Because of the large distance and 

time separating samples within the calcic and calc-alkaline rocks series they can 

not be cogenetic in the sense of originating from a single batch of magma. The 

fac t that the two trends maintain their integrity over such large distances and 

long time intervals suggest the petrogenetic processes involved in magmatic arc 

plutonism are extrem ely stable and long lived. The two rock series are the 

product of distinct parental starting magma types and fractionation systematics 

which were repeatedly followed by individual batches of magma over a long 

period of tim e. The progressive change in lithology representing ever more 

evolved portions of these sequences reflects gradual changes in the chemical and 

physical parameters of the arc environment.

The Xaultegua area is voiumetrically dominated by rocks of the calcic and
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calc-alkaline series. Field observations from throughout the SPB and findings 

from the Xaultegua area indicate that the SPB is dominated by plutons from 

these two rock series. The age and spatial distinction between the two rocks 

series indicates that their development was physically, temporally, and chemically 

independent. These differences signify evolving crustal and mantle processes and 

conditions during magmatic arc evolution.

The distinctive character of the trondhjemite rock series appears related to 

crustal melting of mantle-derived, hornblende-bearing mafic plutons, such as the 

early mafic calcic series rocks. This interpretation suggests that other felsic 

plutonic rocks in the Xaultegua area may also be the product of crustal melting 

that did not result in as distinctive and identifiable a lithology. Very litt le  true 

granite is produced by fractional crystallization of a prim itive parental magma. 

Because granite is present in greater abundance (10 to 20% in the Xaultegua area 

and thoughout the SPB), some of these granites may have resulted from partial 

melts of intermediate and mafic members of the calc-alkaline rock series.

Rocks of the mixed series appear to have resulted from contamination of 

evolved calc-alkaline magmas by their aluminous trondhjemite host rocks. It  is 

thus likely that other crustal contamination events have occurred, but the 

resultant hybrid rocks may not be sufficiently distinctive to be recognized in 

this reconnaissance study. The compositional overlap between the mafic and 

interm ediate members of the calcic and calc-alkaline rock series may result from 

crustal magma mixing processes.

The fact that the oldest and youngest plutons occur along the eastern 

margin of the batholith suggests that most of the magmatic activ ity  occurred
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within the original confines of the early plutons. Subsequent intrusions 

effectively pushed older plutons outward as appears evident a t 48°S, (Weaver et 

al., 1986) which suggests that arc plutonism may have occurred under extentional 

conditions. The batholith appears to have grown from within as the margins 

moved outward. This may explain why few supracrustal rocks exist within the 

batholith and why crustal contamination decreases with tim e.
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Chapter 3

EFFECTS OF SYNCHRONOUS UPLIFT AND INTRUSION  

DURING MAGMATIC ARC CONSTRUCTION

Introduction

The relationship between composition, age, and crystallization depth, of 

plutonic rocks in the southern Patagonian batholith (SPB), suggests that up lift 

and plutonism, operating synchronously, strongly influence the evolving structure 

and composition of magmatic arcs. Plutonic records from individual areas within 

the batholith show a consistent mafic to felsic intrusion history. In addition, 

field and geobarometric evidence suggests that mafic plutons generally crystal­

lized at greater depths than felsic plutons. Also, plutonic records from different 

areas have unique and overlapping age ranges, suggesting diachronous magmatism. 

However, all plutonic samples, regardless of lithology or field location, f it  on a 

trend of decreasing in itia l Sr (Sri) with decreasing age. This indicates a 

progressive decrease in crustal involvement throughout the arc, and suggests that 

magmatism was not diachronous, but occurred in all areas during the same 

protracted period of arc construction. We present an arc construction (AC) 

model involving synchronous and continual plutonism and uplift to explain the 

observed relationship between plutonic age, composition, and crystallization  

depth.
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The AC model is useful in comparing the uplift histories of individual areas 

within an arc. Variations in the age of the oldest piuton and the length of the 

plutonic record indicate differences in the rate and amount of uplift. In addition 

petrologic and temporal differences between the mesozonal environment exposed 

in the SPB and the epizonal environment exposed in the Coastal batholith (CB) 

of Peru can be explained using the AC model. The spectrum of exposed plutons 

is a function of the rate and depth of magmatic additions to the crust, as well 

as the uplift-erosion history.

The AC model includes assumptions of continual uplift and continual 

plutonism in magmatic arcs a t convergent continental margins. The model 

focuses on the e ffec t of changing plutonism and uplift rates. Therefore, it 

cannot be used to interpret age, lithology, and crystallization depth patterns 

produced during episodic magmatism. Because the AC model pertains to the 

crust as a whole, in term itten t magmatic records exposed at the surface need not 

invalidate the model.

Previous work in the SPB includes early reconnaissance studies (e.g., 

Darwin, 1846: Kranck, 1932) that reported general lithologie data from isolated 

locations, and more recent petrochemical and geochronological studies of specific 

areas or transects (e.g., Halpern, 1973; Stern and Stroup, 1982; Suarez, 1977; 

Bartholomew and Tarney, 1984; Herve et a l., 1984). We have mapped and sampled 

much of the SPB exposed a t sea level in reconnaissance, and have undertaken 

more detailed geochronology and geochemistry in three areas: Darwin, Xaultegua, 

Baker (Fig. 2.1) (Nelson et a l., 1980; Bruce et al., 1986a; Weaver e t al., 1986a).
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Geologic and Tectonic Setting

The SPB, exposed in the southern Andes of Chile, is one of the largest 

Mesozoic-Cenozoic circum -Pacif ic bathoiiths (Fig. 2.1). The southern Andes are 

situated along the active continental margin of southernmost South America 

where the oceanic Nazca and A ntarctic  plates are being subducted below the 

continental South American plate (Fig. 2.1). This region has probably been a 

convergent margin continually since at least the late Paleozoic (D alzie l, 1981; 

Forsythe, 1982).

Host rocks of the SPB are predominantly late Paleozoic to early Mesozoic(?) 

accreted forearc assemblages including 1) volcaniclastic flysch, 2) radiolarian 

chert, 3) metamorphosed m afic-ultram afic rocks, 4) reef limestone, 5) pillow  

basalt, and 6) quartz-veined phyllite (Forsythe, 1982). Other host rocks, exposed 

along the eastern contact and in isolated exposures within the SPB, include late 

Jurassic silicic volcanic rocks, early Cretaceous ophiolitic rocks, and early  

Cretaceous shale and volcaniclastic flysch. Isolated Tertiary plutons intrude late 

Cretaceous foreland basin sedimentary rocks east of the main batholith and are 

considered by some (e.g., Stern and Stroup, 1982) to be part of the batholith. In 

addition, mafic to felsic volcanic rocks of unknown age are present in isolated 

exposures within the SPB. They are generally moderately altered and locally 

foliated; they may represent syn-plutonic volcanic rocks down-faulted into the 

batholith, volcanic rocks preserved in in tra-arc basins, or pre-batholith volcanic 

rocks preserved in roof pendants.
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Lithologies of the SPB

The SPB consists of a typical spectrum of calc-alkaline and calcic plutonic 

rocks (Nelson et al., 1985; Bruce et al., 1986a; Weaver e t al., 1987). Mafic rocks 

include gabbronorite, gabbro and hornblende diorite. Intermediate rocks include 

hornblende quartz diorite and biotite-hornblende tonalité. These rocks make up 

a majority of the batholith. Felsic rocks include biotite granodiorite, tonalité  

and granite, with a minor population of leucocratic granite and hypabyssal micro- 

granite. Mafic xenoliths are common but not ubiquitous, and mafic dikes or 

irregular aphanitic bodies intrude all but the most felsic plutons. Both syn- and 

post-plutonic mafic dikes are present; together they make up between 5 and 35 

percent of most plutons. Cross-cutting relationships within a given area indicate 

that, excluding dike rocks, mafic rocks are older than felsic rocks.

I-type rocks predominate, but a small percentage of crustally-derived or 

contaminated rocks also exist (Nelson et al., in press). These plutons vary in 

their relative age, whereas the I-type rocks crystallized in a consistent age- 

lithology pattern. The crustally-derived or contaminated rocks crystallized at 

different times in the intrusive sequence, usually early in the magmatic history. 

These lithologies include granite, granodiorite, and high-alumina trondhjemite. 

Many samples contain the magmatic aluminous phases b iotite , muscovite, garnet; 

some also contain dum ortierite.
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Age-Lithology-Crystallization Depth Relationship

Field, pétrographie, and geobarometric data from plutonic rocks demonstrate 

a relationship between lithology, crystallization depth and crystallization age. 

Within the Xaultegua study area (Fig. 2.1) the youngest plutonic rocks are 

granite and rhyolite; both contain m iarolitic cavities indicative of crystallization 

at shallow depths. Older, more mafic rocks are medium- to coarse-grained 

granodiorite, tonalité and quartz d iorite . The oldest rocks are medium- to 

coarse-grained diorite and gabbro whose textures suggest that they crystallized  

at greater depths than the granite.

Some of the oldest rocks contain magmatic epidote in equilibrium with 

hornblende and b io tite , an equilibrium assemblage that constitutes 50% to 70% of 

the rock. This assemblage is interpreted as resulting from crystallization at 

pressures between 6 and 8 kb, suggesting emplacement at a depth of 18 to 24 

Km (Zen and Hammarstrom, 1984). Geobarometry, using alumina compositions of 

hornblende, confirms the high pressure crystallization of these old mafic rocks 

with calculated pressures as high as 10 kb (Hammarstrom per. com. 1987).

The interm ediate composition plutons throughout the SPB appear to have 

crystallized a t mesozonal depths. They crystallized deeper than the young 

epizonal granites and shallower than the old mafic plutons. These observations 

suggest that there is a decrease in crystallization depth recorded in successively 

younger and more felsic plutons.
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Arc Construction Model

A simple arc construction model explains the available field and laboratory 

data. The model involves up lift synchronous with plutonism, with magma 

composition influencing piuton crystallization depth. Construction of a batholith 

above a steady state subduction zone involves essentially continual magmatic 

inflation of the arc, resulting in continual uplift and erosion. Thus for 

sim plicity, the model assumes constant rates of plutonic input and uplift for a 

given area. Following crystallization of the earliest plutons, up lift and erosion 

w ill bring these plutons progressively closer to the surface. As older plutons are 

uplifted to shallower depths, younger, more felsic, plutons intrude and crystallize 

adjacent to them. The mechanism is analogous to an assembly line, where the 

crust is a vertical conveyer belt and the plutons of decreasing age and changing 

composition are parts assembled over a long time period. The end product, seen 

at the surface today, is a batholith composed of a broad spectrum of lithologies 

with vastly d ifferent ages.

Figure 2.11 is a histogram of plutonic crystallization ages from the SPB 

screened to remove both model ages with assumed Sri ratios and unduplicated 

potassium-argon determinations. A simple interpretation of the histogram 

suggests that plutonism began 160 million years ago and has occurred continually 

ever since. However the AC model shows that such histograms may not accu­

rately portray the timing and nature of magmatism in an uplifting arc. We w ill 

demonstrate how simple analysis of age histograms can result in inaccurate
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interpretations of magmatic histories.

The fact that some old plutons crystallized at depths as great as 24 km, 

whereas some young plutons crystallized only a few kilometers below the surface, 

suggests that up lift occurred during the period of recorded magmatism. Thus the 

exposed suite of plutonic rocks represents a collection of plutons, each of which 

crystallized within the same crustal horizon during its ascent toward the earth's 

surface. From the persistent relationship between plutonic ages and composi­

tions, we infer that magma composition controlled crystallization depth. Thus, 

mafic plutons appear to have crystallized at greater depths than felsic plutons.

Our AC model, diagrammed in Fig. 3.1, shows continual crystallization of 

plutons during continual uplift. Mafic plutons crystallize at greater depths than 

felsic plutons and both the rate of up lift and the rate of plutonic input are held 

constant. The suite of plutons that reaches the surface in the model is created  

by the continual crystallization of magma within an uplifting crust. The 

resulting plutonic suite matches the pattern of age, composition and crysta lli­

zation depth observed in the SPB. Note, however, that the suite does not 

accurately record the age and composition of plutons input into the model. The 

apparent lithologie progression is an a rtifa c t of synchronous uplift and plutonism 

and the relationship between crystallization depth and magma composition.

If magma composition changes with tim e, only a limited range of lithologies 

will be produced at any given time. If  this is true, magma composition need not 

influence crystallization depth. The following geochronologic and Sr isotopic 

data suggest that magma composition does not change with time and that a 

relationship does exist between magma composition and emplacement depth.
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Geochronology & Sr isotope data

New isotopic age determinations from plutons in the SPB appear to record 

the age of crystallization. These data (Table 3.1 ) demonstrate an age 

concordance between A r/A r mineral ages from the same sample, between Ar/Ar 

mineral ages and Sr isochron ages from the same sample, and between A r/A r  

mineral ages and U-Pb zircon ages from the same piuton. In addition, most 

individual A r/A r release spectra show good plateaus, suggesting that these 

isotopic systems were not thermally reset or isotopically-disturbed.

Crystallization ages from the three study areas confirm and quantify the 

re lative ages obtained from the field (Fig. 3.2). The ages also show that the 

lithologie progression occurs over a period of 50-80 m.y. This is longer than the 

expected life  of a single evolving batch of magma. For example Pitcher e t al. 

(1985) describe mafic to felsic cycles in the Coastal batholith of Peru that are 

interpreted to have formed as the product of an evolving magma in 5-10 m.y. 

The long term lithologie progression observed in the SPB must result from long 

lived processes that existed throughout the arc. Also note that exposures in 

each individual area record only a portion of the entire period of magmatic 

activ ity . These differing records can be explained by variations in up lift rate.

The d ifferent ages of the oldest plutons in d ifferent areas suggest either 

that magmatism was diachronous along the arc or that each area had a different 

uplift history. Diachronous magmatism implies that the arc was segmented into 

discrete tectonic domains, each with a unique period of active magmatism.

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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Table 3.1 Isotopic Ages, southern Patagonian batholith

Sample # Mineral ^ A r / ^ A r ______ Rb/Sr_______ U/Pb
149.3 +0.8

92 ±6

113.1 +0.7

76.2 ±0.4

RB-106 zircon
biotite 144 ±6

OE-5 zircon
O E-6A biotite 109 ±1

RB-98 plag-bio-wr
biotite 90 ±1

BB-6A zircon
3G-210 biotite 77.3 ±1.1

MA-71B biotite 70.5 ±0.9
muscovite 72.8 ±0.7

MA-70A biotite 72.6 ±5.0

BB-2A hornblende 71.9 +3.8
biotite 68.6 ±0.5

Grouped data represent samples from the same piuton

Considering the 160 m.y. magmatic record in the SPB, such an effective  and 

prolonged segmentation of the arc seems unlikely. Studies of the more recent 

geologic history of northern Chile and Peru have identified segments of the arc 

with separate tectonic and magmatic histories. The segments are related to the 

age of subducted ocean crust, subduction geometry, and the location of sub­

ducting a seismic ridges (Pilger, 1981; Jordan et a l., 1983; Wortel, 1984). However 

the boundaries of these segments are transitory and would not remain stationary 

for 160 m.y. In southern Chile no such segmentation has been documented in 

the sedimentary and deformational history of the foreland basin adjacent to the
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SPB (D ott e t a l., 1982; Winslow, 1982). The conclusion that the arc experienced 

a common magmatic history is also supported by isotopic data.

In plutonic rocks from the three study areas within the SPB (Fig. 2.1), Sri 

decreases with decreasing age (Fig. 2.5), regardless of sample location or 

lithology. The regional nature of the Sri trend suggests that the entire SPB 

shared a unified magmatic history. These data have been interpreted as 

representing a decrease in crustal contamination of mantle-derived magma with 

time (Weaver e t al., 1986a, 1986b; Nelson et a l., 1987). The age-Sn relationship 

suggests that regions containing only young plutons with low Sri were the site 

of older magmatism. The older magmatism diluted the accretionary prism 

sediments and converted them to a more refractory and less reactive assemblage. 

These older plutons were subsequently uplifted and eroded.

The interpretation that d ifferent areas within the batholith experienced a 

common magmatic history has three significant implications. The first is that 

lithology is not a time dependent function. Granite and gabbro plutons were 

crystallized over wide and overlapping time intervals and those that crystallized 

at the same time have similar Sri values (Figs. 3.2 and 2.3). Thus magmas of a 

wide range of compositions crystallized throughout the period of recorded 

magmatism. The second implication is that mafic plutons crystallize at greater 

depths than felsic plutons. Finally, crustal blocks exposing only young plutons 

with low Sri were the site of older more radiogenic plutonism.
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Effects of varying uplift rates

Plutonic age spectra can yield information about uplift histories in magmatic 

arcs. Relatively slow up lift requires a longer period of time to bring the old, 

deeply emplaced plutons to the surface. Slow uplift thus preserves the early 

magmatic history and leaves long plutonic records. Rapid up lift results in a 

shorter plutonic record and a younger initiation of recorded magmatism.

Figure 3.3 illustrates how d ifferent age distributions are predicted from 

areas with d ifferent up lift rates during plutonism. Synthetic age-lithology 

histograms (Fig. 3.4a) for the three modeled uplift rates demonstrate the younger 

and shorter age distributions that are predicted for areas with more rapid uplift. 

Even though the age range is shortened by rapid up lift, the mafic to felsic 

lithologie progression remains evident. A composite, synthetic age-lithology 

histogram (Fig. 3.4b), combines a ll three histograms from Fig. 3.4a, simulating the 

e ffec t of tabulating ages from distant locations with d ifferent uplift histories. 

As in the individual synthetic histograms, the observed age-lithology progression 

is an a rtifa c t of the up lift mechanics that exposed the observed plutonic suite. 

This can be seen by comparing a histogram containing the total magmatic input 

to the model (Fig. 3.4c) with the preserved record of exposed plutons (Fig. 3.4a 

and 3.4b). Because a batholith is sampled only at one erosion level, the 

composite histogram (Fig. 3.4b) is not a true record of arc magmatism.

The influence of up lift rate on the plutonic age distributions illustrated by 

the model (Fig. 3.4a and 3.4b) suggests that caution should be used in 

interpreting plutonic age histograms. It is reasonable to conclude that magmatic
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For an explanation of piuton ages and lithologies, see Fig. 3.1. A ll three 
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uplift rate results in a d ifferent suite of exposed plutons.
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activ ity  may have occurred prior to the oldest dated piuton. The compositional 

variability  and timing of magmatism also may not match the exposed record. 

Tectonic and petrologic reconstructions must be tempered by the knowledge that 

the observed plutonic record may not be an accurate reflection of past magmatic 

events.

A comparison of the plutonic ages in the Baker and Xaultegua areas 

illustrates the u tility  of the AC model. In the Baker area plutonic ages range 

from 149 Ma to 46 Ma, an interval of 103 m.y. In the Xaultegua area, plutonic 

ages range from 99 Ma to 22 Ma, an interval of 77 m.y. The older in itia l age 

and the longer magmatic period in the Baker area suggests this region 

experienced slower up lift than the Xaultegua area. The older plutonic record in 

the Baker area also indicates the region experienced less total uplift than the 

Xaultegua area.

Assuming continual magmatic ac tiv ity , the magmatic record should continue 

to the present. However, both regions appear to lack portions of their youngest 

magmatic record. Few young plutonic rocks and no Holocene volcanic rocks are 

known in these two areas. Thus, the AC model as described thus far does not 

fully explain the relatively recent history of these areas. To address this 

discrepancy and to further explore the relationship between up lift and 

magmatism, we have expanded the model to account for changes in the rate of 

magmatism and erosion and changes in the vertical distribution of magmatic 

additions to the crust.
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Crustal Kinematics in Magmatic A rcs

U p lift cannot be measured directly with paleogeobarometers utilizing rock 

texture, mineral assemblage, or mineral chemistry. These tools can be used to 

estimate depth relative to the paleo-surface of the earth. This depth measure­

ment is insensitive to the location or motion of the earth's erosion surface 

relative to some fixed reference. In other words, uplift may occur, but if a 

piuton does not approach the surface, uplift w ill not be detected by these 

methods. Changes in depth are caused by erosion. If  the rate of up lift exceeds 

that of erosion a lag tim e w ill occur between uplift and changes in depth 

recorded by geobarometry. Because of the difference between uplift and 

changing crustal depth, they must be clearly distinguished in the following 

discussion. U p lift and subsidence w ill be used to refer to vertical motion 

relative to a fixed reference and shallowing and deepening w ill be used to refer 

to changes in depth relative to the earth's surface.

The result of these crustal processes is that rocks below a particular depth 

move away from the erosion surface and may never be exposed. Therefore this 

depth w ill have an important a ffe c t on the suite of plutons exposed, and must be 

accounted for in the AC model. In magmatic arcs, crustal thickening, through 

magmatic inflation combined with iso static compensation, causes uplift of the 

upper crust accompanied by subsidence of the base of the crust.

We introduce the concept of a nodal plane to evaluate the vertical motion 

of rocks at depth induced by changes in crustal thickness. The nodal plane is a 

theoretical surface within the crust, above which the mass of magmatic additions
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equals the mass removed by erosion within a given time interval (Fig. 3.5a). 

Rocks above the nodal plane w ill experience shallowing while rocks below the 

nodal plane w ill experience deepening. No shallowing is experienced below the 

nodal plane because the mass removed by erosion is balanced by magmatic 

additions above the nodal plane. Magmatic additions below the nodal plane are 

not balanced by erosion and hence contribute to crustal thickening. Thus, rocks 

below the nodal plane w ill not reach the surface of the earth until changes in 

the rate or depth of magmatism, or changes in the rate of erosion, lower the 

nodal plane. Rocks below the nodal plane may experience both deepening and 

uplift during crustal thickening. Thus, apparent subsidence observed in tim e- 

depth histories can be created during periods of crustal growth and active uplift. 

The nodal plane thus provides a useful reference in understanding the relation­

ship between up lift and shallowing during crustal growth.

The depth of the nodal plane is not fixed, and is the result of a dynamic 

balance between the rates of erosion, the rates of magmatic inflation, and the 

vertical distribution of magmatic additions to the crust. If  this balance changes 

with tim e, the nodal plane w ill move. It is likely that the nodal plane w ill exist 

at d ifferent depths at d ifferent locations, resulting in a surface that is not 

horizontal.

Assuming no change in the vertica l distribution of magmatic additions or in 

the rate of erosion, increased magmatic activ ity  w ill result in a shallowing of the 

nodal plane (Fig. 3.5a and 3.5b). Decreased magmatic activ ity  w ill result in a 

deepening of the nodal plane. Assuming no change in the rate of magmatism or 

in the rate of erosion, an increase in the proportion of volcanic and shallow
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Fig. 3.5 Nodal Plane Dynamics

Depth of nodal plane in crustal sections under situations of varying magmatic 
additions and erosion rates. The nodal plane is located at a depth above 
which the mass (here depicted as area) of magmatic additions equals the mass 
removed by erosion. Cross-hatched boxes represent magmatic additions to 
crust (those on top are volcanic). Dotted boxes represent m aterial removed by 
erosion. Erosion is the same in A -D . A and B have an even distribution of 
magmatic additions but variable mass added. C and D have an uneven 
distribution of magmatic additions but the same mass added.
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plutonic additions will result in shallowing of the nodal plane (Fig. 3.5c). An 

increase in the proportion of deep plutons will result in deepening of the nodal 

plane (Fig. 3.5d). Assuming no change in the rate of magmatic inflation or in 

the vertica l distribution of magmatic additions, changes in erosion rate will also 

a ffec t the depth of the nodal plane. An increase in erosion rate w ill deepen the 

nodal plane. This e ffec t is opposite to the e ffec t of increasing the rate of 

magmatism. Increased magmatism w ill cause uplift, which in turn causes 

accelerated erosion. Thus, a buffering relationship exists between magmatism and 

erosion that tends to stabilize the depth of the nodal plane.

Because only rocks above the nodal plane are brought to the surface 

through up lift and erosion, the depth of the nodal plane controls the range of 

crystallization depths and plutonic ages exposed. Relatively deep nodal planes 

w ill result in older and longer plutonic age distributions due to the longer 

crustal transit time of uplifting plutons emplaced at greater depth. Shallow 

nodal planes w ill result in young and short age distributions due to a relatively  

rapid cycling of upper crustal environments.

Areas that do not expose young shallow plutons could result from a 

cessation of magmatism. With no magmatic replacement for mass removed by 

erosion, volcanic and shallow crustal environments would be eroded, leaving only 

mid-crustal levels exposed. Variations in the period of recorded magmatism and 

the crystallization depth of exposed plutons can be explained by understanding 

processes that e ffec t the relative motion of the erosion surface, the nodal plane, 

and the base o f the crust.

Nodal plane depth also may be affected by tectonic conditions that
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influence crustal thickness and magmatic activ ity . The plutonic age histogram 

for the SPB (Fig. 2.10) shows that the apparent period of maximum magmatic 

activ ity  (100-70 Ma) correlates with a worldwide maximum in seafloor spreading 

rates (Larson and Pitman, 1972). This suggests that the nodal plane may shallow 

during periods of accelerated seafloor spreading. However, note that the 

synthetic age histograms demonstrate that the apparent magmatic maximum may 

result from continual magmatism and uplift. Other tectonic controls include 

shallow subduction and underplating of oceanic crust both empirically associated 

with subduction of young oceanic crust. Shallow subduction in turn results in 

termination of volcanic activ ity  and assumedly in plutonism (Cross and Pilger, 

1982). Underplating and compressional shortening may accompany shallow 

subduction and w ill thicken the crust, resulting in uplift and deepening of the 

nodal plane due to the corresponding increase in erosion. If  crustal thickening 

accompanies a decrease in magmatism, both effects will contribute to a deepening 

of the nodal plane.

Application of the Arc Construction Model

Comparison of the Coastal batholith (CB) of Peru and the SPB of Chile 

provides an instructive example of the usefulness of the AC model. Plutons in 

the CB crystallized in an epizonal environment (Pitcher e t a l., 1985). Most of 

the plutons in the SPB crystallized at middle crustal depths (as deep as 24 km).
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Epizonal plutons are known in only one location and Quaternary volcanic rocks 

are restricted to one recognized volcanic center. Published plutonic ages from 

the CB range from 107 to 37 Ma (Pitcher e t a l., 1985). Plutonic ages from the 

SPB range from 166 to 12 Ma (Bruce et al., 1987). A shallow nodal plane results 

in a short magmatic record, a young in itia l age, and only plutons from shallow 

crystallization depths. All these features are found in the CB, suggesting that 

the nodal plane was never more than a few kilometers below the surface. A 

deep nodal plane results in a long magmatic record, an old in itia l age, and 

plutons ranging from shallow to re latively  deep crystallization depths. The 

record in the SPB thus suggests that the nodal plane was considerably deeper 

than in the CB.

Assuming equivalent erosion rates, which may not be valid, the AC model 

predicts two possible scenarios for producing a deeper nodal plane in Chile. 

Either the rate of magmatic addition was slower or magmas crystallized at 

greater depths in the SPB than in CB. Similarly, the model predicts that the 

SPB should contain young epizonal and young volcanic rocks assuming magmatic 

additions took place a t all crustal levels. Their general absence suggests that 

the difference between the two areas may be related to a recent change in the 

rate of magmatism or to recent tectonic up lift, rather than to a significant 

difference in the long term magma production histories of the two magmatic 

arcs.

The most obvious explanation for the d ifferent plutonic histories of the two 

bathoiiths is related to differences between the current configuration and 

kinematics of subduction along the Peru-Chile trench. The convergence rate in
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the trench off Peru is 9 cm /a, and the age of the subducting oceanic crust 

ranges from 40 Ma to 47 Ma (Corvalan, 1981). This convergence rate has 

persisted in Peru over the past 25 m.y. (Pilger, 1984; Thorpe et al., 1981). The 

present convergence rate in southern Chile is 2 cm/a and the age of the 

subducting oceanic crust ranges from 12 Ma to 15 Ma The SPB is located along a 

part of the arc below which portions of the Chile rise, an oceanic spreading 

center, were subducted between 14 Ma and 9 Ma (Herron, 1981). Volcanism 

essentially ceased in the portion of the arc above the subducted rise. The 

cessation of magmatism creates a situation in which erosion may not be balanced 

by addition of magmatic m aterial, thus causing the nodal plane to deepen. In 

addition, if crustal underplating has occurred in response to ridge collision, the 

increase in crustal thickness will induce uplift and accelerate erosion, also 

causing the nodal plane to deepen. Both processes acting together would lead 

to an exposed plutonic record lacking young plutons that crystallized at shallow 

depths. Thus, the effects of ridge collision in southern Chile may explain the 

lack of exposed shallow plutons and the deep crustal levels exposed in the SPB. 

Although the recent tectonic history may be sufficient to explain differences in 

the plutonic record between CB and SPB, other differences also exist.

The SPB was emplaced in the accretionary prism of a Paleozoic arc 

(Forsythe, 1982). The re latively thin Paleozoic crust would prevent extensive 

lower crustal melting in the arc environment, a conclusion supported by isotopic 

data (Nelson e t a l., 1987; Weaver et al., 1986b; Weaver e t a l., in press). In 

contrast, the CB is hosted in a very thick continental crust, one that would 

promote lower crustal melting. Lower crustal melting would redistribute mass
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upward in the crust, e ffective ly  shallowing the nodal plane and preventing 

shallowing of the lower crust. This, plus the positive e ffec t a warmer crust may 

have on magma ascent, suggests that crustal thickness may have played a role in 

producing differences in the two batholiths.

C lim atic differences between the two areas are quite dramatic at present. 

Peru is dominated by mountainous terrain of significant local relief and a very 

dry clim ate. Based on geomorphological and geochronological data, Mortimer 

(1973) and Baker (1977) concluded that the present arid clim ate in the central 

portion of the Andes has persisted for a t least the past 20 m.y. Southern Chile 

is also mountainous, but the climate is very moist and the region has been 

eroded by alpine glaciation a t least since the Pleistocene. Thus the erosion rate 

in Chile is probably greater than that in Peru. This would tend to deepen the 

nodal plane in Chile and help explain the observed differences in the exposed 

plutonic record.

Conclusion

The arc construction model appears to explain the pattern of plutonic age, 

lithology, and crystallization depth exposed in the SPB. Differences between 

areas within the SPB can be accounted for by variations in uplift histories. 

Differences between the CB of Peru and the SPB are in part related to 

differences in their recent tectonic and clim atic history and in part due to
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differences in the depth of the nodal plane during protracted arc construction.

Several significant implications result from the AC model. Within the 

middle crust of magmatic arcs, pluton crystallization depth appears to be 

controlled by magma composition. Although the plutonic records suggest that 

magma composition in the SPB changed with time, analysis of isotopic and age- 

lithology data, plus synthetic histograms, demonstrates that the observed change 

in composition may be an a rtifa c t of crustal up lift kinematics. Finally, the 

exposed plutonic ages and compositions may not be a true record of the timing 

or nature of magmatism in a magmatic arc.

U p lift and shallowing of individual crustal horizons depend on their depth, 

the rates of erosion and magmatic inflation, and the vertical distribution of 

magmatic additions to the crust. The nodal plane provides a frame of reference 

useful in distinguishing the difference between uplift and shallowing. It also 

marks the depth above which rocks w ill reach the surface and explains why, 

during active arc magmatism, lower crustal rocks are not brought to the surface 

and exposed. Rocks emplaced below the nodal plane during periods of crustal 

thickening w ill experience deepening even though the crust is in a period of 

active up lift. Rocks below the nodal plane will not experience shallowing until 

the nodal plane descends below them. Because of the relationship between the 

rate of magmatism and the rate of erosion due to uplift, movement of the nodal 

plane may be buffered.
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Appendix A 

A N A LY T IC  METHODS

Chemistry powders were obtained from fresh rock samples starting with an 

in terior slab created during the preparation of thin section chips and mode 

counting slabs. Slab edges were removed and the interior portion broken to 

accommodate the jaw crusher. Samples were crushed and split to approximately 

50 gram portions, one of which was then pulverized in a tungsten carbide puck 

mill to finer than 200 mesh. These stock powders were used for all subsequent 

whole rock analyses.

Major element analysis by X -ray  flourecence

Oven dried (100°C ) whole rock powder, 0.5000 grams, was mixed with 4.5000 

grams of dry Li^E^Oy for several hours in an inclined rotary ball m ill. The 

mixture is placed into a PT crucible (95% Pt and 5% Au) with three drops of a 

Lil, 0.5N , solution. The crucible is then covered with a PT mold/cover and the 

sample is fussed over a bunsen burner. A fte r a ll refractory phases melted, the 

mold is removed and placed upright on a heat resistant surface and the sample is 

poured into the mold. The resulting glass disk w ill release from the mold as it 

shrinks and is labeled a fter it cools.

The major element glasses were analyzed by Stan Mertzman at Franklin and
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Marshall College in Lancaster Pennsylvania. The reported precision and accuracy 

of their methods, tabulated below, was confirmed by their running of blind 

standards and our inclusion of duplicate samples.

Element ±wt. % Element +wt. %
S i02 0.40 A I2O3 0.12

F e2C>3 0.10 FeO 0.04

T i0 2 0.02 MnO 0.01

MgO 0.07 Cao 0.03

Na2Q 0.09 k 2o 0.02

p 2 °5 0.02

Trace element analysis by X -ray  flourecence

Oven dried whole rock powder and microcrystalline cellulose are 

mixed in a two to one ratio, two parts sample to one part cellulose, for several 

hours. Sample size is dependent on the size of pellet desired. A backing of 

additional m icrocrystalline cellulose and the sample mixture are them pressed into 

a pellet. The samples must be stored in a desiccator except when they are 

actually being analyzed.

Trace element samples were run at C.S.M. utilizing the procedures 

established by Carl Eriksson. Blind standards were included in each run to test 

the accuracy and precision of this method. Data covering a six month period 

demonstrates the high precision of the technique. Accuracy varies considerable
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from element to element and from standard to standard. Percent deviance vs 

ppm diagrams were analyzed by visual inspection to determine realistic lower 

detection limits and the percent error at that concentration.

Element Detection Lim it ppm Percent
Ba 300 10

Cu 40 5

Nb 20 10

Nd 20 10

Ni 30 10

Rb 10 5

Sr 50 5

V 15 10

Y 10 10

Zr 50 10

Iron Oxidation State

Ferrous iron was determined by the method of Goldich S.S. 1984. This data 

was used to refine the loss on ignition (LOI) determinations. LOI was 

determined by measuring the weight loss of an oven dried sample during a 45 

minute run in a 900°C muffle furnace. A correction for the mass gained by the 

oxidation of FeO is made by multiplying the weight % FeO by 0.111348 and 

adding this to the LOI value.
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cartridge getters (50 1/s and 10 1/s). Argon isotope compositions are determined 

using a Nuclide 6-60-SGS gas source, 15 cm radius, 60 degree sector N ier-type  

mass spectrometer with automated operations controlled by an IBM PC 

microcomputer. ^

Ages are calculated using the equations and correction factors given by 

Dalrymple e t al. (1981). Decay constants for 40 K and the isotopic composition of 

K used in the age calculation are the values recommended by Steiger and Jager 

(1977). Atmospheric argon is analyzed several times a week to make accurate 

mass discrimination corrections. The 3?Ar is corrected for decay during the time 

in terval between sample irradiation and isotopic analysis using a half-life of 35.1 

days. Data is corrected for mass fractionation during analysis. The reported 

analytical uncertainty for individual analyses is a one sigma estimate determined 

by the equation of Dalrymple et al. (1981) using the uncertainties in time zero 

extrapolations and an uncertainty in J of 0.25%. Plateau ages represent an 

average age for consecutive increments which constitute a significant portion 

( 50%) of the to ta l ^ A r  in the sample and whose apparent ages cannot be 

considered d ifferent on the basis of the critica l value test of Dalrymple and 

Lanpher (1969). The uncertainty estimates used in the critica l value test for 

plateaus in individual samples exclude uncertainties in J -  value and are considered 

at the 2 sigma level. Uncertainties reported for plateau ages are one standard 

deviation with n-1 weighting.
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Appendix B

STATION TO SAMPLE NUMBER CORRELATIO N TABLE

Sample Chea Rock Map Sample Chea Rock Map Sample Chea
Number Group Name Number Number Group Name Number Number Group
38-108 C 01 29 HA-38 H TO 60 MA-68A T
35-109 C TO 30 36-129 M TO 61 SX-20 K
36-1108 C TO 31 MA-39A T TO 62 GX-21 C
36-110A C HTQ 31 HA-398 C 01 63 SX-23 K
36-111 K 68 31 MA-39C K 01 64 6X-24 K
MA-20B C 38 32 HA-40 K 68 65 GX-25 K
HA-20 K GR 33 36-215A K 60 66 5X-26 K
HA-21 K TO 34 36-210 K MTQ 67 SX-27 K
36-112 K 68 35 3G-209A C HTQ 68 GX-28 K
HA-228 K GR 36. 36-208 C MTQ 69 GX-29 K
36-113 C 38 37 BB-6A K QMD 70 GX-19 K
36-114 C 30 38 BB-5C C 08 • 71 GX-18 K
HA-258 C 68 39 36-206 C 01 72 8X-17 K
W-26 C MT0 40 BB-4A C TO 73 SX-13 K
36-118 c HTQ 41 36-205 C TO 74 GX-12 K
HA-27 c HTQ 42 BB-3A C HTQ 75 GX-10 K
HA-28 c MTQ 43 36-204A C 81 76 GX-9A C
HA-29 c MT0 44 BB-2A C HTQ 76 GX-9 K
HA-30 K QH0 45 36-203 c MTQ 77 GX-8 K
36-121 H 60 46 36-202 c MTQ 78 GX-6 H
HA-31 K 30 47 HA-61 K MTO 79 GX-5 T
HA-32 C MT0 48 36-218 C MTO 80 6X-4 T
36-123 K 00 49 MA-62A C TO 31 6X-3A T
35-124 K 60 50 36-219 C TO 81 GX-3B C
HA-33 K GR 51 fW-63 C TO 32 GX-1 c
HA-34A K HTQ 52 36-220 C TO 83 m-69A T
36-125 K GR 53 HA-64A K MTO 84 36-228 K
HA-35 K GR 54 m-65A C 08 85 36-229 T
36-126 C 30 55 36-223 C TO 86 MA-70A T
HA-368 M 68 56 HA-66A K 01 87 MA-71B T
HA-36A M TO 56 HA-668 H 68 88 ■36-232 T
36-127 C 30 57 35-225 K QMD 89 3S-233A K
HA-37
36-128

M
K

GR
08

58
59

MA-67A
36-226

K
T

68
TO

90 36-234A C
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Appendix C

MAJOR ELEMENT D ATA
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z d cn cn cncn <r cn cn d cn cn cn cn CMcn CMcn <n -3- o cn cn cn cn m3 m3 CMcn cn 9 cn cn CM cn cn m3 cn

o O' o 00 O' o ooMT M3 «3- O' 9 CM00 O' 9 9 9 9 •3 m3 oo m3 30 oo en 9 O'
ta oo 00 o O' M3 un o vO O' O' 00 cn O' m3 9 00 cn cn >3 O' 9 cn «3 9 CN
o M3 un M3 M3 M3 M3 M3Mf M39 «3 oo 9 9 9 9 O' 9 9 9 9 9 9 m3 9-* —*

o o 00 ■» O' M3O' CM o 00 — M3CM CMp. 00 O' cn cn p. O CM oo 9 9 rs. 9 m3 00 30 9 —
ao OO un O' O' o o 'O M3 o M3 •OO' O' m3 m3 OO9 oo oo O' O' 9 9 m3 9 9
X

00 o cn CMcn O" CMH** CM o o m3 9 uncn 9 -3 00 9 cn cn 9 CM

o cm <r -o 00 M3 un O cn 00 cn OO00 oo OO O' 9 9 OO O' m3 m3 rs- oo 9 UM
s o o o o o o 9
X o o O o o o o O d o o o o o O o o d d d d 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 9 d d

o <" <- cn O" CM r» O' O' CMo cn vO cn 0OM300 O' 9 p. OO O' 9 9 9 9 O' O' m3 30 30
41 o O' O' O «T O' 'O un cn o M3 oo oo 9 m3 OO00 oo cn unun 0O cn 9 0O
tiu

SOCMcn ** '# <" CMcn cn CM <n cn m3 m3 9 un m3 -3 m3 en 9 m3 m3

<n U~l O' o O o M3 Mi­ O' O 00 O' M3 o M3 o m3 COO' 9 m3 00 -3 9 00 un CO -3 O' 00 0Om3
O CMun -o 00 M3 vOcn cn M3 M300 un un O CMvOCM O' m3 -3 -3 O' -3 9 00 O' 30
41
ti.

u-l cn cn en <f cn cn CM cn CM un 9 cn en

m 00 o i/n O' o sO00 o 00 M>00 o Mi­ M3-O m3 O' 9 un 9 9 cn 9 9 9 un 9 9 30
o OO <r 0O M3'O oo o sOo o 00 <r en O' 9 9 m3 O' 9 cn 9 O' 9

o M3 CM M3M3 "Ooo OO0OM3oo vOun sO 9 m3 9 9 9 9
< "■* CM

OOsr -O un<o -o cn 'O cn o OO-O 'O o '9- cn O' m3 9 O' 9 9 00 O' 9 en
.9 <r 00 cn NT c <r 00 <r vO un -O O' CNO' O' 9 9 •3 cn 9 m3 CN
H d d d d ——d d d d d d d d d o d d d d d o 9 9 9 9 9 — 9 9 — 9 9 9 9 9 9 — — 9 d 9

CM sOO' 00 00 CMCM un vO O' M3 9 en cn 9 r̂_9 cn m3 m3 9 00
9 cn vO“J00 CMr*»n- un o O' —4vOoo 'O un 00 oo O' O' un«3 CN9 cn CNO' 00 O' m3 9 00 oo cn cn CN cn
Ol U-l * un O' «Ocn 'T O' 00 oo cn cn O' un d CMM3vO d «3 O' CMO' J, OOO' un9 d O' J. O' 00

<• sOvO un vOvOM3 un M3-T vOM3 M3 r" M3 9 r'* un un un m3 >3 9 un 9 9 m3 un9 9 UM

< 00 < < <
4J 00 O' o o cn -o 00 M3 IN. cn •o vO00 O' 00 O' o cn •O CQCO CQ < <r

O o CMo o o O O o o CMcn < < < O O' 60 < 9 un9 oo O' O'
Û. —4 CMCMCM CM CM cn m3 un CMcn O' CMCM CM cn 9 9 9 9
S CJ o CJ o U o CJ CJ CJ CJ CJ CJ CJ CJ CJ CJ CJ CJ CJ CJ CJ 33 no « 60 X X X X X < < < <
cn cn cn cn cn cn cncn cn cn cn cn cn cn cn cn cn cn cn cn cn CO03 « 00 CJ CJ CJ CJ CJ $ S $ $ x $ j E x X X X X



T-3511 82

Appendix D 

TRACE ELEMENT DATA

trondhjemite rock series trace element data in ppm

Sample Ba Cu Nb Nd Ni Rb Sr V Y Zr

3G-226 446 24 7 15 9 18 612 0 3 58
3G-229 325 12 7 16 10 30 742 0 5 63
3G-232 434 16 7 7 13 34 846 3 3 75
3G-233A 439 14 8 6 12 27 871 2 5 80
GX-3A 1085 19 5 9 12 42 653 0 4 35
GX-4 867 24 6 14 8 52 544 0 4 39
GX-5 588 22 6 19 9 34 726 0 3 46
MA-39 A 526 37 7 8 12 34 1009 4 4 73
MA-68A 339 32 7 14 9 19 673 0 5 52
MA-69A 836 23 5 10 11 51 696 0 3 37
MA-70A 305 34 7 16 13 22 772 14 7 67
MA-71B 805 20 7 5 9 44 634 0 5 77

mixed rock series trace element data in ppm

Sample Ba Cu Nb Nd Ni Rb Sr V Y Zr

3G-121 565 16 11 25 10 75 247 11 15 131
3G-129 490 13 9 20 13 47 780 28 8 88
3G-228 715 20 6 11 8 54 436 0 6 32
GX-6 624 21 9 16 21 66 581 60 14 63
MA-36A 662 19 9 30 10 40 387 0 17 43
MA-36D 1048 27 7 18 11 43 611 0 16 58
MA-37 545 33 9 23 10 40 809 0 8 85
MA-3 8 601 18 13 13 9 61 743 0 7 77
MA-66B 1158 17 9 14 13 52 595 16 4 86
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calcic rock series trace element data in ppm

Sample Ba Cu Nb Nd Ni Rb Sr V Y Zr

3G-108 37 23 5 17 32 1 373 284 8 20
3G-109 308 24 5 23 16 35 346 83 19 87
3G-110A 285 129 7 35 20 38 340 164 32 50
3G-110B 416 23 6 14 13 39 257 32 9 159
3G-113 295 27 8 23 17 32 475 221 26 130
3G-114 291 30 7 34 19 20 382 126 44 186
3G-118 382 6 8 24 13 28 409 62 15 85
3G-126 393 20 9 25 15 23 540 63 21 92
3G-127 324 27 9 22 22 23 999 76 12 112
3G-202 319 17 6 19 15 17 417 129 18 80
3G-203 421 26 9 23 30 48 524 155 23 91
3G-204A 418 52 9 32 29 41 508 138 32 273
3G-205 332 1 8 24 15 25 527 72 16 80
3G-206 142 42 6 10 54 4 975 263 13 14
3G-208 355 2 9 27 16 27 599 82 21 73
3G-209A 420 7 9 18 14 46 418 97 16 92
3G-218 220 2 6 20 15 25 332 94 24 84
3G-219 177 10 8 25 15 20 595 58 13 85
3G-220 360 11 11 ’ 16 10 25 477 18 10 83
3G-223 366 55 8 29 17 43 431 175 15 111
3G-234A 505 17 8 20 18 55 513 72 12 65
BB-2A 363 61 12 29 41 51 467 173 23 138
BB-3A 369 11 9 13 15 34 487 89 17 59
BB-4A 367 17 . 11 9 11 34 491 17 4 73
BB-5C 290 34 7 25 35 20 882 192 17 68
GX-1 457 110 8 32 33 30 867 163 30 153
GX-21 447 0 8 24 30 41 637 137 23 112
GX-29 200 12 11 18 29 27 434 189 23 90
GX-3B 443 46 8 20 54 51 616 139 16 123
GX-9A 172 23 5 21 76 22 250 206 18 45
MA-20B 141 103 5 19 17 1 738 202 20 59
MA-25B 54 76 5 10 41 7 149 159 3 22
MA- 26 376 9 7 28 13 39 396 63 16 75
MA-2 7 386 29 6 21 19 32 471 176 25 87
MA- 28 304 7 6 26 17 31 425 155 28 130
MA-2 9 434 50 7 24 19 45 419 176 25 121
MA-32 372 40 - 8 21 15 29 611 116 11 71
MA-39B 256 0 18 58 34 10 1256 311 24 153
MA-61 302 40 10 27 17 28 418 162 36 124
MA-62A 515 17 7 16 13 36 399 32 14 82
MA-63 391 10 8 15 15 23 628 77 12 74
MA-65A 441 43 6 26 19 79 339 80 34 188
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calc-alkaline rock series

Sample Ba Cu Nb

3G-111 427 20 7
3G-112 549 37 9
3G-123 305 90 12
3G-124 1033 11 14
3G-125 739 14 11
3G-128 621 24 20
3G-210 460 42 7
3G-215A 479 23 8
3G-225 nd nd nd
BB-6A 739 120 11
GX-10 951 10 9
GX-12 323 36 8
GX-13 674 64 18
GX-17 481 66 9
GX-18 694 23 10
GX-19 732 16 10
GX-20 434 66 10
GX-23 609 6 10
GX-24 630 4 12
GX-25 375 53 9
GX-26 29 42 12
GX-27 638 17 11
GX-28 740 14 9
GX-8 502 45 .10
GX-9 1201 4 12
HA-20 204 18 4
MA-21 418 13 6
MA-22B 845 18 8
MA-30 437 38 10
MA-31 295 132 7
MA-33 513 27 7
MA-34A 681 16 9
MA-35 1076 28 10
MA-39C 474 0 17
MA-40 513 11 9
MA-64A 613 5 7
MA-66A 215 234 7
MA-67A 461 84 10

e element data in ppm

Ni Rb Sr V Y Zr

15 65 311 61 23 143
12 56 313 18 10 155
56 35 549 212 27 111
9 99 202 0 26 201
11 142 149 2 14 124
18 50 497 134 43 322
19 45 502 182 27 82
21 91 335 152 35 171
nd nd nd nd nd nd
35 61 616 247 27 231
13 74 176 12 28 119
20 45 399 160 24 112
23 72 399 65 27 246
17 55 675 122 27 219
11 151 112 1 30 189
10 166 114 0 29 194
19 81 436 153 32 150
15 140 270 60 23 183
15 90 302 23 47 300
31 34 468 223 30 137
5 313 16 0 21 70
9 162 231 3 18 128
5 169 110 .0 15 92

14 99 365 23 14 157
11 103 235 38 30 157
12 108 78 0 26 83
14 30 378 195 19 79
9 115 112 0 21 166

29 41 389 150 34 180
32 35 334 250 16 87
11 126 64 0 28 109
13 86 342 79 67 268
11 102 235 36 20 184

164 28 425 224 22 118
24 70 616 119 18 130
16 62 361 132 34 63

134 33 458 188 10 57
30 70 616 204 19 96

t rac

Nd

20
13
21
26
21
43
24
26
nd
38
25
23
30
52
42
36
25
27
33
24
21
25
32
25
26
36
30
23
23
14
22
44
26
39
28
32
18
30
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Appendix E

M INERAL MODES

trondhjemite rock series mineral modes

Sample Name Qtz Flag K-sp Bio Muse Horn Opx Cpx Gar Opq

3G-226 TO 27 67 0 3 3 0 0 0 0 0
3G-229 TO 21 71 1 4 3 0 0 0 0 0
3G-232 TO 27 66 2 3 2 0 0 0 0 0
3G-233A TO 23 68 0 4 2 0 0 0 0 1
GX-3A TO 27 63 4 3 1 0 0 0 0 1
GX-4 TO 33 55 4 2 5 0 0 0 0 0
GX-5 TO 52 41 . 1 2 4 0 0 0 0 0
MA-39A TO 31 58 0 9 ,1 0 0 0 0 0
MA-68A TO 26 65 0 4 5 0 0 0 0 1
MA-69A TO 25 69 0 3 2 0 0 0 0 0
MA-70A TO 24 66 0 8 1 0 0 0 0 0
MA-71B TO 39 49 3 4 4 0 0 0 0 0

mixed rock series mineral modes

Sample Name Qtz Flag K-sp Bio Muse Horn Opx Cpx Gar Opq
3G-121 GD 28 57 10 4 0 0 0 0 0 1
3G-129 TO 32 57 2 7 0 0 0 0 0 1
3G-228 GD 21 61 15 1 1 0 0 0 0 0
GX-6 GD 28 48 10 7 6 0 0 0 0 0
MA-36A TO 39 49 1 0 10 0 0 0 1 0
MA- 36D GD 27 46 16 8 3 0 0 0 1 0
MA-3 7 GR 38 30 24 5 2 0 0 0 0 0
MA- 38 TO 41 49 5 4 1 0 0 0 0 0
MA-66B GD 26 59 9 6 0 0 0 0 0 0
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calcic rock series mineral modes

Samp le Name Qtz Flag K-sp Bio Muse Horn Opx Cpx Gar Opq

3G-108 DI 0 60 0 0 0 21 19 0 0 0
3G-109 TO 25 62 0 11 0 0 0 0 0 2
3G-110A MTO 20 59 0 9 0 11 0 0 0 1
3G-110B TO 36 54 3 5 0 0 0 0 0 1
3G-113 QD 10 57 0 12 0 16 0 0 0 4
3G-114 QD 15 60 4 4 0 14 0 0 0 3
3G-118 MTO 31 48 1 0 0 19 0 0 0 1
3G-126 QD 16 65 0 9 0 9 0 0 0 2
3G-127 QD 14 58 1 9 0 16 0 0 0 0
3G-202 MTO 18 51 0 2 0 24 0 0 0 4
3G-203 MTO 18 53 0 11 0 16 0 0 0 2
3G-204A DI 3 76 1 3 0 14 0 0 0 1
3G-205 TO 29 51 0 11 0 6 0 0 0 1
3G-206 DI 0 50 0 0 0 46 0 0 0 4
3G-208 MTO 18 58 0 11 0 12 0 0 0 1
3G-209A MTO 23 43 0 17 0 9 0 6 0 1
3G-218 MTO 23 52 0 4 0 16 0 0 0 4
3G-219 TO 30 51 0 16 0 0 0 0 0 2
3G-220 TO 22 68 2 7 0 0 0 0 0 1
3G-223 TO 32 59 1 9 0 0 0 0 0 0
3G-234A TO 19 64 0 11 0 4 0 0 0 1
BB-2A MTO 13 48 0 10 0 28 0 . 0 0 1
BB-3A MTO 24 52 0 9 0 12 0 0 0 1
BB-4A TO 36 . 49 4 10 0 0 0 0 0 1
BB-5C QD 9 51 0 6 0 31 0 0 0 2
GX-1 QD 5 62 0 13 0 16 0 0 0 3
GX-21 QD 13 58 3 7 0 16 0 0 0 2
GX-29 QD 9 48 1 8 0 13 0 20 0 1
GX-3B DI 14 54 0 14 0 15 0 0 0 1
GX-9A QD 5 38 0 0 0 57 0 0 0 1
MA-20B QD 1 77 0 2 0 10 2 1 0 6
MA-25B GB 0 54 0 * 0 0 19 17 9 0 0
MA-26 MTO 23 57 0 6 0 11 0 0 0 1
MA-27 MTO 19 59 0 7 0 13 0 0 0 1
MA-28 MTO 25 54 0 10 0 9 0 0 0 1
MA-29 MTO 29 40 0 23 0 6 1 0 0 0
MA-3 2 MTO 22 54 0 12 0 9 0 0 0 2
MA-39B DI 3 56 0 2 0 37 0 0 0 2
MA-6 1 MTO 15 53 2 6 0 20 0 0 0 3
MA-62A TO 32 52 3 11 0 0 0 0 0 2
MA-6 3 TO 23 60 0 6 0 6 0 0 0 1
MA-65A QD 14 60 0 5 0 17 0 0 0 2
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calc-alkaline rock series mineral modes

Sample Name Qtz Plag K-sp Bio Musc Horn Opx Cpx Gar Opq

3G-111 GD 29 41 14 11 0 4 0 0 0 1
3G-112 GD 0 0 0 0 0 0 0 0 0 0
3G-123 QD 4 55 1 0 0 34 4 0 0 2
3G-124 GD 30 41 20 8 0 0 0 0 0 2
3G-125 GR 33 27 36 3 0 0 0 0 0 0
3G-128 QD 11 56 6 9 0 12 2 0 0 3
3G-210 MTO 17 43 0 17 0 15 0 0 0 6
3G-215A GD 14 45 9 13 0 8 0 10 0 2
3G-225 QMD 11 59 7 8 0 12 0 2 0 0
BB-6A QMD 9 46 5 16 0 10 4 5 0 2
GX-10 GR 33 26 30 7 0 2 0 0 0 2
GX-12 QD 15 58 3 7 0 13 1 0 0 2
GX-13 QMD 12 53 21 4 0 2 0 1 0 2
GX-1 7 QMD 15 58 13 8 0 2 1 0 0 2
GX-18 GR 38 20 38 2 0 0 0 0 0 2
GX-19 GR 37 21 38 2 0 0 0 0 0 2
GX-20 MTO 15 54 3 15 0 9 0 0 0 2
GX-23 GD 27 39 21 5 0 7 0 0 0 1
GX-24 GR 18 42 26 4 1 6 0 0 0 2
GX-25 QD 6 57 5 5 0 12 8 0 0 3
GX-26 GR 37 26 34 2 0 0 0 0 0 0
GX-27 GR 35 27 31 5 0 1 0 0 0 1
GX-28 GR 35 21 40 2 0 0 0 0 0 1
GX-8 GR 27 36 29 2 0 2 0 0 0 1
GX-9 GD 37 40 12 6 0 4 0 0 0 0
MA-20 GR 37 22 41 0 0 0 0 0 0 0
MA-21 TO 27 53 6 6 0 6 0 0 0 2
MA-22B GR 35 28 29 8 0 0 0 0 0 0
MA-30 QMD 11 55 9 7 0 13 2 0 0 2
MA-31 QD 9 57 5 1 0 24 2 0 0 2
MA-33 GR 32 25 41 2 0 0 0 0 0 1
MA-34A MTO 23 44 6 9 0 17 0 0 0 2
MA-35 GR 33 31 29 6 0 0 0 0 0 0
MA-39C DI 0 22 2 4 0 73 0 0 0 0
MA-40 GD 27 41 11 5 0 12 0 0 0 0
MA-64A MTO 17 57 1 13 8 0 0 0 0 2
MA-66A DI 1 32 3 0 0 65 0 0 0 0
MA-67A QD 12 59 3 10 0 13 3 0 0 1
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Appendix F

A r / Ar  ISOTOPIC DATA

Temp 40Ar 57Ar 36Ar Moles 40Ar 7.Ar40 K/Ca Age (Ma)
xC 39Ar 39Ar 39Ar 39Ar XTotal Rad

88-2A-B
800 62.49 38.5754 0.1545 0.5
905 8.32 0.0279 0.0073 353.6
960 7.59 0.0190 0.0032 389.3
1000 7.28 0.0224 0.0018 727.3
1025 7.08 0.0298 0.0011 428.8
FUSE 7.21 0.0375 0.0015 695.2
TOTAL 2594.7
PLATEAU AGE

J ? .005785
0.0 31.9 0.0123 202.4 +/-100.5
13.6 73.6 17.5624 62.8 +/- 0.7
15.0 87.1 25.7891 67.7 +/- 0.9
28.0 92.2 *21.8746 68.7 +/- 0.7
16.5 94.9 16.4426 68.8 +/- 0.7
26.3 93.4 13.0663 68.9 +/- 0.7
100.0 67.9

68.8 ♦/- 0.5

E-40/39 £-37/39 £-36/39 TEMP

5.77 5.84 8.75 800
.06 1.37 .77 905
.06 3.19 3.44 960
.05 .92 2.4 1000
.05 .85 3.25 1025
.06 .77 1.51 FUSE
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leap 40Ar 37Ar 36Ar Moles 4ÔAr %Ar40 K/Ca Age (Ma)
xC 39Ar 39Ar 39Ar 39Ar ZTotal Rad

8B-2A-H J = .00571
975 31.27 1.3687 0.0775 40.9 13.5 27.0 0.3576 85.0 +/- 2.0
1000 18.11 5.7868 0.0383 29.9 9.9 39.9 0.0843 73.3 +/- 1.5
1025 11.21 9.1410 0.0169 65.7 21.8 61.7 0.0532 70.4 +/- 1.3
1040 10.09 8.4458 0.0129 49.2 16.3 68.6 0.0576 70.4 +/- 1.1
1050 10.11 8.2803 0.0119 24.3 8.1 71.5 0.0588 73.4 +/- 1.9
1065 10.31 8.8907 0.0124 16.8 5.5 71.1 0.0547 74,5 +/- 4.0
1075 9.97 10.8791 0.0135 12.3 4.1 68.5 0.0447 69.5 +/- 2.2
1085 13.97 13.3811 0.0253 11.9 3.9 54.0 0.0362 76.8 +/- 4.6
1100 15.03 13.6889 0.0289 24.3 8.0 50.3 0.0354 77.1 +/- 3.6
1125 17.08 13.9246 0.0334 15.7 5.2 48.6 0.0348 84.4 +/- 3.6
1145 20.08 13.9498 0.0405 7.5 2.5 45.9 0.0348 93.4 +/- 9.7
FUSE 28.28 14.1011 0.0671 3.5 1.2 33.8 0.0344 96.9 */- 9.9
TOTAL 301.9 100.0 75.5
PLATEAU AGE 71.9 +/- 3.3

:-40/39 E-37/39 £-36/39 TEMP

.07 .12 .4 975

.05 .08 .58 1000

.07 9.000001E-02 1.16 1025

.08 9.000001E-02 1.18 1040

.13 .13 2.43 1050

.07 9.Û00001E-02 5.38 1065

.13 .13 2.62 1075
9.000001E-02 .15 3.06 1085
.07 9.000001E-02 2.08 1100
9.000001E-02 9.0000Ô1E-02 1.8 1125
.1 .11 4.12 1145
.21 .22 2.54 FUSE
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Temp 40ftr 37Ar 36Ar Holes 40Ar %Ar40 K/Ca Age (Ha)
xC 39Ar 39Ar 39Ar 39Ar ZTotal Rad

8X-9-H J = .002983
850 109.30 1.9760 0.1476 15.9 3.2 60.2 0.2476 323.8 +/- 4.8
900 34.95 3.8999 0.0419 31.2 6.2 65.4 0.1253 119.3 +/- 2.5
950 29.40 4.3920 0.0193 66.3 13.2 81.7 0.1112 125.2 +/- 1.4
975 28.95 4.4700 0.0174 54.9 11,0 83.3 0.1093 125.8 */- 1.6
1000 28.12 4.5360 0.0136 80.4 16.1 86.9 0.1077 127.4 +/- 1.3
1025 26.77 4.5920 0.0108 82.2 16.4 89.3 0.1063 124.7 +/- 1.3
1075 26.76 4.6580 0.0098 82.2 16.4 90.5 0.1048 126.2 +/- 1.8
FUSE 28.78 4.8890 0.0086 87.3 17.4 92.4 0.0999 139.2 +/- 1.4
TOTAL 500.4 100.0 133.9
PLATEAU AGE 125.9 +/- 2.6

E-40/39 E-37/39 E-36/39 TEMP

.24 .78 .75 850

.16 .47 1.69 900

.08 .11 1.3 950

.11 .18 1.97 975

.07 .05 .44 1000

.07 .07 1.67 1025

.08 .104 4.32 1075

.07 .17 1.9 FUSE
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Temp 40Ar 37Ar 36Ar Moles 40Ar %Ar40 K/Ca Age (Ma)
xC 39Ar 39Ar 39Ar 39Ar /.Total Rad

GX-19-WR
550 4.75 0.0406 0.0046 189.4
700 3.90 0.0266 0.0031 218.5
800 3.54 0.0211 0.0017 164.3
850 3.53 0.0253 0.0027 94.5
950 3.83 0.0248 0.0043 80.8
1025 4.01 0.0645 0.0049 69.5
FUSE 5.58 0.0963 0.0086 144.1
TOTAL 961.2
PLATEAU AGE

[-40/39 E-37/39 E-36/3

.13 4.71 6.15

.06 2.94 12.34

.05 17.79 21.43

.29 54.06 18.19

.1 4.61 8.57

.17 24.91 13.86

.05 4.32 5.31

j = .003016
19.7 70.7 12.0835 18.2 ♦/- 0.9
22.7 75.7 18.4138 16.0 +/- 1.2
17.1 85.0 23.2224 16.3 +/- 1.2
9.8 76.1 19.3749 14.6 +/- 1.6
8.4 65.7 19.7736 13.6 t/- 1.2
7.2 62.9 7.5942 13.7 +/- 2.2
15.0 53.7 5.0879 16.2 +/- 1.5

100.0 16.0
15.1 +/- 2.6

TEMP

550
700
800
850
950
1025

FUSE
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Temp 40Ar 37Ar 36Ar Moles 40Ar %Ar40 K/Ca Age (Ma)
C 39Ar 39Ar 39Ar 39Ar XTotal Rad

6X-20-H J = .002913
875 57.79 0.8091 0.1450 49.3 10.0 25.9 0.6052 77.1 +/- 3.9
925 37.45 3.0138 0.0754 37.4 7.6 41.0 0.1622 79.2 +/- 2.2
950 31.24 5.8708 0.0474 37.4 7.6 56.6 0.0831 91.0 +/- 2.9
975 27.69 7.5473 0.0283 57.7 11.7 71.9 0.0646 102.2 +/- 2.4
1000 26.71 7.8510 0.0242 66.0 13.4 75.5 0.0620 103.6 +/- 1.2
1025 26.03 7.9699 0.0213 68.7 13.9 78.1 0.0611 104.4 +/- 1.5
1100 24.49 8.0085 0.0168 77.3 15.7 82.2 0.0608 103.4 +/- 1.2
FUSE 23.47 8.1867 0.0127 99.3 20.1 86.7 0.0595 104.5 +/- 1.3
TOTAL - 493.2 100.0 98.2
PLATEAU AGE 104.0 +/- 1.6

E-40/39 E-37/39 E-36/39 TEMP

9.000001E-02 .43 .88 875
.08 .26 .9 925
.11 .13 1.95 950
.07 .24 2.64 975
.05 .08 .89 1000
.05 9.000001E-02 1.65 1025
9.000001E-02 .07 1.39 1100
9.000001E-02 .18 2.13 FUSE

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN. COLORADO 80401
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leap 40Ar 37Ar 36Ar Moles 40Ar %Ar40 K/Ca Age (Ma)
.ïC 39Ar 39Ar 39Ar 39Ar XTotal Rad

GX-27-B
905 3.31 0.0065 0.0040 368.1
967 2.76 0.0173 0.0022 289.4
1005 2.50 0.0268 0.0014 496.7
1040 2.27 0.0233 0.0007 604.2
FUSE 2.54 0.0170 0.0015 613.2
TOTAL 2371.7
PLATEAU AGE

J = .005803
15.5 63.2 75.3842 21.8 +/- 0.5
12.2 75.1 28.3233 21.5 +/- 0.4
20.9 82.0 18.2832 21.4 +/- 0.6
25.5 89.2 21.0297 21.1 +/- 0.2
25.9 81.1 28.8232 21.4 +/- 0.6
100.0 21.4

21.3 +/- 0.5

E-40/39 E-37/39 E-36/39 TEMP

.03 8,32 1.75 905

.03 1.23 2.23 967

.04 1.72 7.14 1005

.05 .76 2.34 1040

.06 2.11 6.27 FUSE
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Temp 40Ar 37Ar 36Ar Moles 40Ar %Ar40 K/Ca Age (Ma)
x C 39Ar 39Ar 39Ar 39Ar ZTotal Rad

MA-21-B
825 8.92 0.0158 0.0096 176.3
890 5.96 0.0065 0.0031 618.9
940 5.24 0.0058 0.0008 250.4
975 5.29 0.0077 0.0012 232.7
1000 5.06 0.0078 0.0003 290.7
FUSE 5.11 0.0047 0.0008 1139.3
TOTAL 2708.3
PLATEAU AGE

1-40/39 E-37/39 E-36/;

.06 2.61 1.65

.06 1.63 1.96

.05 5.44 4.01

.05 4.09 3.75

.04 1.86 7.15

.07 1.33 2.16

J = .005688
6.5 67.8 31.0123 61.0 +/- 1.1

22.9 84,0 75,3842 50.7 +/- 0.6
9.2 94.7 84.4824 50.2 +/- 0.5
8.6 92.6 63.6360 49.6 +/- 0.6
10.7 97.5 62.8201 49.9 +/- 0.5
42.1 94.6 104.2550 48.9 +/- 0.5

100.0 50.4
49.5 +/- 1.2

9• TEMP

825
890
940
975
1000

FUSE
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Temp 40Ar 37Ar 36Ar Moles 40Ar %Ar40 K/Ca Age (Ma)
xC 39Ar 39Ar 39Ar 39Ar XTotal Rad

925 22.57
MA-21-H
0.6117 0.0477 22.9 5.7

J
37.6

= .005848 
0.8007 37.4 +/- 2.4

960 13.77 0.9754 0.0291 14.0 3.5 37.9 0.5020 54.2 +/- 5.2
985 13.20 3.9074 0.0289 11,2 2.8 37.4 0.1250 51.5 +/- 2.6
1010 10.10 9.8927 0.0206 29.5 7.4 47.3 0.0492 50.1 +/'- 2.4
1025 8.55 11.0197 0.0158 41.5 10.4 55.4 0.0441 49.7 ♦/- 1.9
1040 7.95 11.1450 0.0145 51.8 12.9 57.0 0.0436 47.6 +/- 0.9
1065 11.76 11.2461 0.0263 51.2 12.8 41.3 0.0432 51.0 +/- 1.5
1080 9.48 11.2760 0.0196 99.9 25.0 48.2 0.0431 48.0 */- 1.0
1100 9.72 11.2685 0.0202 40.3 10.1 47.6 0.0431 48.6 +/- 2.0
1125 10.83 11.4018 0,0229 19.3 4.8 45.7 0.0426 52.0 +/- 2.1
FUSE 14.77 10.2573 0.0268 18.7 4.7 51.8 0.0474 79.5 +/- 2.7
TOTAL
PLATEAU AGE

400.3 100.0 52.9
49.2 W -  2.9

:-40/39 E-37/39 E-36/39 TEMP

.05 .12 .79 925
9.000001E-02 .14 2.96 960
.14 .15 1.44 985
9.0000ÔIE-02 .1 1.89 1010
.06 .07 1.87 1025
.11 .14 .9 1040
.07 .07 .91 1065
.12 .12 .73 1080
.05 .08 1.55 1100
.04 .05 1.5 1125
.07 .07 1.61 FUSE
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Temp 40Ar 37Ar 36Ar Moles 40Ar XAr40 K/Ca Age (Ma)
.ï€ 39Ar 39Ar 39Ar 39Ar XTotal Rad

MA-37-B J = .005839
825 8.70 0.0413 0.0104 214.6 7.6 64.3 11.8640 57.9 +/- 0.9
880 6.90 0.0092 0.0019 581.6 20.6 91.3 53.2605 65.2 +/- 0.9
925 6.66 0.0124 0.0008 398.4 14.1 95.9 39.5158 66.1 +/- 0.7
960 6.73 0.0405 0.0006 230.6 8.2 96.8 12.0984 67.4 f/- 0.3
1000 6.85 0.0185 0.0015 332.8 11.8 93.0 26.4861 65.8 +/- 1.0
1040 6.68 0.0106 0.0008 579.6 20.5 95.9 46.226L 66.3 +/- 0.7
FUSE 6.91 0.0284 0.0014 486.0 17.2 93.5 17.2532 66.8 +/- 0.7
TOTAL 2823.6 100.0 65.5
PLATEAU AGE 66.5 +/- 1.6

>40/39 E-37/39 E-36/39 TEMP

.12 .39 1.07 825

.08 1.11 5.2 880

.06 .83 5.05 925

.07 .79 13.89 960

.05 1.31 7.72 1000

.04 1 2.4 1040

.1 .54 2.11 FUSE
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Temp 40Ar 37Ar 36Ar Holes 40Ar %Ar40 K/Ca Age (Ha)
xC 39Ar 39Ar 39Ar 39Ar XTotal Rad

HA-39C-H J = .00582
925 23.90 0.3144 0.0384 77.1 16.3 52.5 1.5582 127.1 f/- 1.5
975 16.27 3.5940 0.0240 55.3 11.7 58.0 0.1360 96.7 +/- 1.3
1000 14.73 11.8899 0.0193 80.8 17.1 67.6 0.0408 102.5 *7- 1.1
1025 13.77 13.4457 0.0173 97.9 20.8 70.5 0.0361 100.1 + /- 1.1
1040 13.77 11.4332 0.0179 52.3 11.1 68.0 0.0425 96.6 +7- 1.4
1050 14.87 11.7638 0.0218 27.0 5.7 62.8 0.0413 96.4 +/- 5.3
1065 17.85 13.6610 0.0325 18.7 4.0 52.2 0.0355 96.3 +/- 2.9
1085 18.08 15.2129 0.0310 20.9 4.4 55.9 0.0318 104.3 f/- 2.2
1110 19.09 14.9324 0.0331 18.9 4.0 54.9 0.0324 108.1 +/- 3.2
FUSE 21.18 14.2141 0.0392 22.5 4.8 50.6 0.0341 110.2 +/- 7.3
TOTAL 471.3 100.0 104.8
PLATEAU AGE 98.4 +/- 6.0

>40/39 E-37/39 E-36/39 TEHP

.11 .32 .35 925

.06 .06 . 66 975

.05 9.000001E-02 .48 1000

.05 .08 .51 1025

.07 9.000001E-02 .91 1040

.2 .11 4.01 1050

.14 .14 1.41 1065

.12 .14 1.02 1085
9.000001E-02 9.000001E-02 1.58 1110
9.000001E-02 9.000001E-02 3.16 FUSE
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Temp 40Ar 37Ar 36Ar Holes 40Ar %Ar40 K/Ca Age (Mai
%C 39Ar 39Ar 39Ar 39Ar ZTotal Rad

MA-66A-H J = .005697
855 202.61 4.7778 0.5958 3.9 2.7 13.3 0.1022 258.1 +/- 40.7
925 100.35 6.6133 0.2951 3.9 2.6 13.6 0.0737 135.7 +/- 21.6
975 42.15 24.3484 0.1154 15.9 10.8 23.7 0.0198 101.6 +/- 3.9
990 20.41 22.6194 0.0484 50.0 34.2 33.7 0.0213 30.8 +/- 1.1
1010 22.81 22.0973 0.0552 22.8 15.6 36.2 0.0218 84.3 +/- 3.7
1025 32.08 21.8146 0.0877 7.4 5.1 24.6 0.0221 80.7 */- 5.5
1040 28.96 18.8765 0.0781 5.7 3.9 25.5 0.0256 75.3 t/- 7.9
1065 21.15 20.7629 0.0504 10.7 7.3 37.4 0.0232 80.7 +/- 3.1
FUSE 20.40 21.6298 0.0478 26.0 17.7 39.2 0.0223 81.6 +/- 1.6
TOTAL 146.3 100.0 89.3
PLATEAU AGE 81.9 +/- 4.5

E-40/39 E-37/39 E-36/39 TEMP

.8 .9 .91 855

.52 .58 1.15 925

.11 .11 .56 975

.05 .06 .25 990

.08 .08 1.11 1010

.35 .35 .98 1025

.18 .18 1.71 1040

.14 .15 .99 1065
9.000001E-02 .11 .48 FUSE
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Temp 40Ar 37Ar 36Ar Moles 40Ar %Ar40 K/Ca Age (Ma)
xC 39Ar 39Ar 39Ar 39Ar XTotal Rad

MA-7OA-B
750 31.54 0.0555 0.
750 15.17 0.0025 0.
830 14.78 0.0013 0.
890 16.21 0.0031 0.
950 15.17 0.0040 0.
1025 14.34 0.0123 0.
FUSE 14.56 0.0199 0.
TOTAL
PLATEAU AGE

E-40/39 E-37/39

1.44 10.1
.48 13.9
1.08 54.9
1.06 78
1.9 55.4
2.07 25.8
1.05 60.3

0646 28.5 3.9 39.4
0074 204.9 28.1 85.3
0053 132.9 18.2 89.2
0066 65.7 9.0 87.7
0053 69.3 9.5 89.4
0037 127.8 17.5 92.2
0043 100.8 13.8 91.0

729.9 100.0

!-36/39 TEMP

1.91 750
7.85 750
2.83 830
3.2 890
3.26 950
2.5 102
15.2 FUSE

J = .003046
8.8285 67.0 +/- 6.2

196.9450 69.7 +/- 2.1
366.2179 71.0 +/- 1.9
159.9213 76.5 +/- 2.1
123.7058 73.1 +/- 3.2
38.2212 71.2 +/- 3,2
24.6723 71.3 +/- 2.7

71.3
72.6 +/- 5.0
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Temp 40Ar 37Ar 36Ar Moles 40Ar %Ar40 K/Ca Age (Ma)
xC 39Ar 39Ar 39Ar 39Ar '/.Total Rad

MA-71B-B J = .005803
855 3.49 0.0036 0.0060 332.5 11.9 78.7 136.1107 68.6 +/- 0.8
940 7.82 0.0018 0.0032 387.7 13.9 87.4 272.2218 70.2 +/- 0.8
1000 7.63 0.0023 0.0024 1158.2 41.5 90.2 213.0431 70.7 +/- 0.7
1025 7.45 0.0019 0.0018 593.4 21.2 92.3 257.3944 70.7 +/- 0.7
1040 7.39 0.0001 0.0015 205.8 7.4 93.5 1 1 9 */•- 0
FUSE 8.26 0.0152 0.0046 115.4 4.1 83.1 32.2365 70.5 +/- 1.1
TOTAL 2793.0 100.0 70.4
PLATEAU AGE 70.5 +/- 0.9

>40/39 E-37/39 E-36/39 TEMP

.06 16.49 1.01 855

.04 29.15 2.07 940

.05 7.97 1.26 1000

.05 27.45 2.22 1025

.06 2216.69 4.74 1040

.04 13.54 2.91 FUSE



T-3511 10J

Temp 40Ar 37Ar 36Ar Moles 40Ar 7.Ar40 K/Ca Age (Ma)
xC 39Ar 39Ar 39Ar 39Ar %Total Rad

855 15.17
MA-71B-M
0.0047 0.0229 126.9 4.9 55.1

J = .005828 
104.2550 85

940 9.31 0.0008 0.0074 1081.7 41.7 76.1 612.4996 73
1000 9,26 0.0001 0.0073 499.5 19,2 76.3 74900.0000
1025 8.78 0.0009 0.0057 420.7 16.2 80.4 544.4440 72
1040 8.19 0.0001 0.0035 301.1 11.6 86.9 74900.0000
FUSE 8.65 0.0002 0.0046 166.4 6.4 83.8 72450.0000
TOTAL
PLATEAU AGE

2596.3 100.0 73
72

.8 +/- 2.4 

.0 +/- 0.7
72.7 t/- 0.9 
.7 +/- 0.8 
73.3 +/- 0.9
74.7 +/- 1.4

72.3 +/- 0.7

E-40/39 E-37/39 E-36/39 TEMP

.1 22.76 1.63 855

.08 26.01 .37 940

.06 120.43 1.07 1000
9.000001E-02 71.94 .69 1025
.11 35.88 2.84 1040
.11 426.4 4.48 FUSE
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Temp 40Ar 37Ar 36Ar Holes 40Ar %Ar40 K/Ca Age (Ha)
xC 39Ar 39Ar 39Ar 39Ar XTotal Rad

3G-21Ô-B J = .005862
800 9.67 0.0533 0.0090 239.6 8. 6 72.2 9.1929 72.4 +/- 0.9
905 8.29 0.0101 0.0027 519.1 18. 7 89.9 48.5145 77.2 +/- 0.3
960 7.92 0.0048 0.0010 642.0 23. 1 95.8 102.0830 78.5 +/- 1.0
1000 7.73 0.0106 0.0009 635.7 22. 9 96.1 46.2261 76.9 */- 0.9
1050 7.72 0.0081 0.0007 474.7 17. 1 96.8 60.4935 77.3 +/- 0.9
FUSE 3.27 0.0375 0.0025 270.7 9. 7 90.6 13.0663 77.6 f/- 1.1
TOTAL 2781.7 100. 0 77.1
PLATEAU AGE 77.3 */- 1.1

:-40/39 E-37/39 E-36/39 TEMP

.05 .5 .97 800

.06 2.67 1.61 905

.11 9.28 11.42 960

.08 2.52 7.32 1000

.12 9.060001 8.51 1050

.04 2.39 5.06 FUSE
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Appendix G 

GPP PROGRAM MODIFICATIONS

GPP a geochemical program w ritten  by D.J. Geist, B.H. Baker, and A .R . 

McBirney a t the University of Oregon has been a useful tool in organizing and 

evaluating the major- and trace-elem ent data. The program has several flaws 

and weaknesses, some of which I have corrected.

Operationally GPP is intended to run on a two floppy disk IBM PC and the 

program had to be modified _ to allow operation on a hard drive equipped 

computer. The alteration consisted of removing the drive designation from the 

link calls between the thirteen application nodules. This allows GPP to be run 

from any drive and maintains the original system of data storage. Running GPP 

off a hard drive greatly increases the speed of the program because of the many 

independent modules involved.

Raw trace-elem ent X -ray  data must be corrected for mass absorbtion of 

induced X-rays by the major-elements in the sample. A calculation and data file 

correction procedure was added to GPP in the form of a new module 

(MABSCO.BAS) linked to the main GPP data handling menu. Because GPP does 

not include a plotter driver, MABSCO.BAS also converts GPP data files to the 

form at used by another geochemistry program, IGPET w ritten by M.3. Carr. 

IGPET has rather lim ited data base and data handling capabilities but its figure
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composition routines and HP plotter driver produce good quality diagrams. By 

using GPP and IGPET together with the translation program a more flexible and 

capable data analysis tool was created. The following printout is a hard copy of 

the MABSCO.BAS module added to GPP which incorporates both the trace- 

element corrections and the GPP to IGPET conversion routines. Several people 

helped in the design and coding of MABSCO.BAS, Eric Nelson assisted in GPP 

file  reading procedures, Steve Weaver provided the mass absorbtion algorithms 

and suffered through much of the debugging process.
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* * * * * * * * * * * - *  MABSCO.BAS***'*'
This program calculates mass absorption coefficients " 
for trace element corrections due to interferences" 
from the major elements in the sample.

You w ill need to identify an input GPP data file."
The program can create a Mabsco corrected GPP file" 
as well as tranfering data to IGPET."

' F ile  extensions are not needed because the program" 
' w ill create the file  extensions for each file  it"
' produces, and assumes the source GPP file"
1 has a .dat extension"

:";DD$
THE DATA FILE IS ON DISK? _:";SD$

THE NEW FILES WILL BE PUT ON DISK?
THE GPP DATA FILE IS NAMED ";GPDATA$

Do you want the MABSCO conversion? Y or N";M$

10 CLSi 
20 PRINT "
30 PRINT "
40 PRINT "
50 PRINT "
6 0  PRINT  
70 PRINT "
80 PRINT "
90 PRINT "
95 PRINT  
100 PRINT  
110 PRINT  
120 PRINT  
123 PRINT  
125 PRINT
127 PRINT
128 INPUT
129 INPUT '
130 INPUT '
140 PRINT  
150 INPUT '
160 PRINT
170 INPUT " Do you want to convert data from a GPP file  to IGPET?";C$ 
180 DIM EL$(26), SAMP$(125), E(125,26), F(16), MS1Ü25), A(125), G(16), 

MS2Ü25), MS2.5(125), H(16), NEWDAT(125,26), DISC$(125)
185 GPPDATA$ = SD$+GPDATA$+".DAT":' SOURCE GPP FILE
190 GPMAB$ = DD$ + GPDATA$ +"M.DAT":r CREATED MABSCO 
CORRECTED DATA(GPP FILE)
200 IGPETF$ = DD$ + GPDATA$ + ".FMT":' TO TAL CHEM IGPET

FORMAT FILE
210 IGPETD$ = DD$ + GPDATA$ + ".ROC":' TO TAL CHEM IGPET

DATA FILE
220 IGPETM$ = DD$ + GPDATA$ + "C.ROC":' MAJOR ELEM IGPET

DATA FILE
230 IGPETMF$ = DD$ + GPDATA$ + "C.FMT":' MAJOR ELEM IGPET

FORMAT FILE
240 OPEN "I”, / /1 ,GPPDATA$
245 PRINT
250 PRINT " READING GPP DATA FILE"
260 PRINT
280 INPUT #1 , F$, D$, SAMPS, ELEMS 
290 FOR 1=1 TO ELEMS 
300 INPUT #1 , EL$(I)
310 NEXT I
320 FOR 1=1 TO SAMPS
330 INPUT #1 , SAMP$(I), DISC$(I)
340 N EXT I
350 FOR 1=1 TO SAMPS
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360 FOR J=1 TO ELEMS 
370 INPUT #1, E(1,3)
380 NEXT 3 
390 N EXT I
400 IF M$ = "N" THEN 1560:' CALCULATES MABSCO REGION 1 
405 PRINT " C A LC U LA TIN G  MASS ABSORBTION COEFFICIENTS"
410 F (l) = .0961 
420 F(2) = .3648
430 F(3) = .0877 
440 F(4) = .6563 
450 F(5) = .7256 
460 F(6) = .6502 
470 F(7) = .0788 
480 F(8) = .3314 
490 F(9) = .0716 
500 F(10)= .3301 
510 F(13)= .1285

Si 
Ti 
A1
Fe203  
FeO 
Mn 
Mg 
Ca 
Na 
K 
P

520 FOR 1=1 TO SAMPS
530 FOR 3=1 TO 10
540 AÜ) = A(I) + F(3) *  E(1,3)
550 N EXT 3
560 A(I) = A(I) + F(13) *  E(1,13)
570 MS Id ) = A (I)/10  
580 N EXT I 
590 A(I) = 0
600 G (l) = .6682:' Si CALCULATES MABSCO REGION 2 610 G(2) = 

2.5356:' Ti 
620 G(3) = .6097:' A1
630 G(4) = .6262:' FE203
640 G(5) = .6692:' FEO
650 G(6) = .602:' Mn
660 G(7) = .548:' Mg
670 G(8) = 2.3035:' Ca
680 G(9) = .4981:' Na
690 G(10) = 2.2938:' K 
700 G(13) = .8941:' P 
710 FOR 1=1 TO SAMPS 
720 FOR 3=1 TO 10 
730 A(I) = A(l) + G(3) *  Ed,3)
740 N EXT 3
750 A(I) = A(I) + G(13) *  E(1,13)
760 MS2(I) = A(I)/80  
765 N EXT I 
770 A(I) = 0
780 H (l)  = 1.5978:' Si CALCULATES MABSCO REGION 2.5
790 H(2) = .8797:' Ti
800 H(3) = 1.458:' A1
810 H(4) = 1.2698:' FE203
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820 H(5) = 1.356:' FEO
830 H (6) = 1.2489:' Mn
840 H(7) = 1.2962:' Mg
850 H (8) = 4.5967:' Ca
860 H(9) = 1.0967:' Na
870 H(10) = 4.5598:' K
880 H(13) = 1.6966:' P
890 FOR 1= 1 TO SAMPS
900 FOR 3=1 TO 10
910 A(I) = A(I) + H(J) *  E(1,3)
920 NEXT 3
930 A(I) = A(I) + H(13) *  E(1,13)
940 MS2.5Ü) = A(I)/200  
950 NEXT I
960 C LSiPRINT:PRINT:PRINT
970 INPUT "DISPLAY THE MABSCO VALUES? Y or N";P$
980 IF P$ = "N" THEN 1190 
990 CLS
1000 PRINT GPMAB$:PRINT
1010 PRINT " The listed MABSCO values are repectively 1/10, 1/80, 1/200"
1020 PRINT " OF THEIR  TRUE VALUES FOR EASE OF HANDLING."
1030 PRINT
1040 PRINT "MABSCO 1: C U , NB, NI, RB, SR, Y , ZR,"
1050 PRINT "MABSC02: N D , 5M"
1060 PRINT "MABSC02.5: BA, T I, V"
1070 PRINT
1080 PRINT " # SAMPLE // MABSCOl MABSC02

M ABSC02.5":LPRINT  
1090 1=1
1100 FOR 3=1 TO SAMPS 
1110 FOR 1=3 TO 9+1
1120 PRINT " "I;TAB( 10);SAMP$(I);TAB(21);MS1(I);TAB(33);MS2(I);

TAB(45);MS2.5(I)
1130 IF I=SAMPS THEN 1150 
1140 NEXT I
1150 INPUT "CONTINUE";P$
1160 IF P$="N" THEN 1190 
1170 3=1 
1180 NEXT 3
1190 C LS:PRINT:PRINT:PRINT  
1200 PRINT  
1210 PRINT
1220 PRINT " PLEASE WAIT, CORRECTING TRACE ELEMENT VALUES AND

WRITING GPP FILE"
1225 PRINT
1230 FOR 1=1 TO SAMPS:' CORRECTS TRACE ELEMENT VALUES 
1240 NEW DAT(I,15)=E(I,15)*MS2.5(I):1 Ba 
1250 NEW DAT(I,16)=E(I,16)*M Sia):' Cu

ARTHUR LAKES LIBRARY 
COLORADO SCHOOL of MINES 
GOLDEN, COLORADO 80401
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1260 NEW DAT(I,17)=E(I,17)*M Sl(I):r Nb
1270 NEW DAT(I,18)=E(I,18)*MS2(I):' Nd
1280 NEW DAT(I,19)=E(I,19)*MS1(I):' Ni
1290 NEWDAT(I,20)=E(I,20)*MS1(I):' Rb
1300 NEWDAT(I,21)=E(I,21)*MS2(I):' Sm
1310 NEWDAT(I,22)=E(I,22)*MS1(I):' Sr
1320 NEW DAT(I,23)=E(I,23)*MS2.5(I):' V
1330 NEW DAT(I,2^)=E(I,2^)*MS1(I):' Y
1340 NEW DAT(I,25)=E(I,25)*MS1(I):1 Zr
1350 NEW DAT(I,26)=E(I,26)*MS2.5(I):' Ti
1360 NEXT I
1365 OPEN mO ",//6 ,GPMAB$
1370 PRINT # 6 , GPMAB$:' CREATES THE GPP-MABSCO DATA FILE  
1380 PRINT # 6 , D$
1390 PRINT /Z6 , SAMPS 
1400 PRINT # 6 , ELEMS 
1410 FOR I = 1 TO ELEMS 
1420 PR IN T / /6 , EL$(I)
1430 NEXT I
1440 FOR 1=1 TO SAMPS
1450 PR IN T # 6, SAMP$(I)
1460 PRINT # 6, DISC$(I)
1470 NEXT I
1480 FOR 1=1 TO SAMPS f
1490 FOR 3=1 TO 14 *
1500 PRINT # 6 , E(1,3)
1510 NEXT 3
1520 FOR 3=15 TO ELEMS 
1530 PRINT / /6, NEW DAT(I,3)
1540 NEXT 3
1550 NEXT I
1555 CLOSE #1 , #6
1560 IF C$ = "N" THEN 1750
1565 PRINT M WRITING IGPET DATA AND FORMAT FILES"
1568 PRINT
1570 OPEN "O 'V /2, IGPETF$:' CREATING  IGPET TO TAL

DATA FORMAT FILE
1580 PRINT #2 , "25"
1590 PRINT #2 , "S i02 ,T i02,A 1203,Fe203,FeO ,M nO ,M gO ,C aO ,N a20,K 20,P205, 

H 20+,H 20-,Ba,Cu,Nb,N d,N i,Rb,Sm ,Sr,V ,Y ,Zr,T i":CL0SE  
1595 CLOSE #2
1600 OPEN "O'V/5, IGPETMF$:' CREATING IGPET MA30R ELEMENT 

FORMAT FILE  
1610 PRINT #5 , "13"
1620 PRINT #5, "SiO2,TiO2,AL203,Fe2O3,FeO,MnO,MgO,CaO,Na2O,K2O,P2O5, 

H20-":CLOSE  
1625 CLOSE #5
1627 OPEN "0",//3 ,IG P E TD $:1 CREATING  TO TAL IGPET DATA FILE
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1630 Z = 1
1640 WRITE #3, GPDATA$+".FMT"
1650 FOR 1=1 TO SAMPS
1660 WRITE //3, Z,Z,Z ,Z,SAM P$(I)
1670 WRITE #3 ,E(1,1),E(1,2),E(1,3),E(1,4),E(1,5),E(1,6) ,E(1,7),

E(1,8),E(1,9),E(1,10),E(1,13),E(1,11),E d ,12)
1675 IF M$="N" THEN 1686
1680 WRITE # 3 ,NEW DATd,15),NEW DATd,16),NEW DATd,17), 

NEW DAT(I,18),NEW DAT(I,19),NEW DAT(I,20), 
NEW DAT(I,21),NEW DAT(I,22),NEW DAT(I,23), 
NEW DAT(I,24),NEW DAT(I,25),NEW DAT(I,26)

1683 IF M$=,,Y" THEN 1690
1686 WRITE # 3 ,E(1,15),E(1,16),E(1,17),E(1,18),E(1,19),E(1,20),

E(1,21),E(1,22),E(1,23),E d ,24),E(1,25),E(1,26)
1690 NEXT I 
1695 CLOSE #3
1697 OPEN "0",#4,IGPETM $:' CREATING MAJOR ELEMENT

IGPET DATA FILE
1700 WRITE #4, GPDATA$+"C.FMT"
1710 FOR 1=1 TO SAMPS
1720 WRITE #4, Z,Z,Z ,Z,SAM P$d)
1730 WRITE # 4 ,E(1,1),E(1,2),E(1,3),E(1,4),E(1,5),E(l,6),E(1,7),

E(1,8),Ed,9),E(1,10),E d ,13),E(1,11),E d ,12)
1740 NEXT I
1750 PRINT " THATS A LL FOLKS!!!! YOUR FILES ARE READY"
1760 END
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Appendix H

PUBLISHED ABSTRACTS

Bruce et al. 1986a

Geochronology and Petrology of the Patagonia batholith: 

Implications for Magma Genesis and Arc Evolution

Current accounts of the Patagonia batholith fa il to describe the lithologie 
variability which ranges from norite and hornblende gabbro through typical 
biotite-hornblende tonalité to leuco granite. Magmatic evolution is diachronous 
and follows a regular mafic to felsic trend. The only observed exceptions are 
syn- and post-plutonic mafic dikes. Early, temporally-restricted, peraluminous 
magmas show crustal contamination.

The three magmatic episodes defined by Halpern (1973), are supported by 22 
new 4 0 /\r /3 9 /\r  ages. The period of greatest magmatic activ ity  coincides with 
other tectonic events. The time of intrusion of Late Jurassic to Early, 
Cretaceous magmas correlates with the opening of the back-arc basin and 
ophiolite formation. The main plutonic interval, (Late Cretaceous) matches the 
"early Andean" orogenic event documented by Herve et al. (1981), for Cordilleral 
Darwin in the southernmost Chilean Andes. The time of intrusion of younger 
plutons does not correlate with any specific tectonic event, but appears to 
coincide with a period of significant uplift and erosion.

Magmatic epidote from several areas suggest emplacement depths greater 
than 25 km. These samples represent early magmatism and suggest that even the 
oldest dated plutons intruded a thick crust. How the arc was thickened prior to 
the main plutonic phase is unclear. Episonal granites that cut these mesozonal 
plutons bracket the time of uplift and provide an average uplift rate of 0.4 mm/a 
for the interval 77 to 22 Ma. This uplift coincides with development of the 
foreland fold and trust belt that lies to the east.
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Bruce et al. (1986b)

Age-Lithology Relationships in the Patagonian batholith: 

A Model for Arc-Crustal Growth

Two w e ll-s tu d ied  areas in the Patagonian batholith have different 
overlapping age distributions: 144-83 Ma at 48°S and 98-22 Ma at 530S, Chile. 
Each area contains the same progression of mafic to felsic Ethologies. The 
oldest rocks are norites and gabbros; these are followed by diorites, tonalités, 
and finally granites. Sr and Nd data strongly suggest that, following early arc 
development, magmas of all types have been continuously produced. The 
geographic distribution of ages and Ethologies suggest a general model of arc- 
crustal evolution resulting from magmatic input and subsequent differential uplift.

Assumptions used in the model are as follows. (1) Mafic, intermediate, and 
felsic magmas are continuously produced. (2) The level that magmas rise to in 
the crust is principally controlled by their chemistry; acknowledging exception, 
felsic magmas w ill crystallize a t shallower depth than w ill mafic magmas. (3) 
Arc-orogenic belts are constantly uplifting as isostatic adjustments to erosion 
and magmatic input occur. Thus, older mafic plutons are uplifted to the level in 
the crust where younger felsic plutons are emplaced. Deeper levels in the crust 
contain progressively younger plutons. Subsequent d ifferentia l up lift juxtaposes 
areas with unique age distributions. Areas with young maximum ages have 
uplifted the most. Areas with large age spans had slow uplift rates during their 
magmatic interval.

M afic, intermediate, and felsic magmas are continuously produced throughout 
arc evolution. The combinations of age and Ethology exposed today are a result 
of d ifferentia l uplift.

Bruce et al. (1987a)

Magmatic Rock Series of the Patagonian batholith: 

Evidence for Multiple Magma Types

Geochemistry and modal data distinguish three plutonic rock series from the 
Gulfo Xaultegua region, 53° S, Chile: calc-alkaline (CA), calcic (C), and high- 
aluminum trond-hjemite (H AT) series. These series were derived from signif­
icantly d ifferent parental magmas. The CA and C series extend from 46 to 76% 
SiC^. A t low 5102 contents CA rocks are distinguished from C rocks by the 
presence of potassium feldspar. CA series rocks have notably higher LIL element



T-3511 112

contents. The LIL difference cannot be completely accounted for by variations in 
potassium feldspar and biotite . A t the same SiC>2 content, hornblendes from CA  
series rocks, contain 2 to 5 times more calculated K2O than from C series rocks, 
indicating a higher a f^ O  in their parental liquid. This, plus the higher potassium 
feldspar content, suggests that CA series rocks crystallized from LIL enriched 
magmas. Rb/Sr and Sm/Nd data suggest that litt le  crustal contamination 
occurred, and that the LIL enrichment therefore occurred in the mantle. Both 
high and low LIL liquids theoretically can be generated within the mantle wedge. 
The rock series intruded over a 75 Ma period, indicating that the enrichment 
mechanism was an ongoing mantle process.

The HAT series rocks have low K2O, CaO and TiC>2 , and have high Na^O, Sr 
and A I2O3. They contain muscovite and occa-sionally garnet in addition to 
quartz, plagioclase and b iotite . Their chemical signature, mineralogy and low 
(i)Sr values (0.70443-0.70469), indicate that the HAT series could be derived from 
partial melting of mafic C series rocks. Compared to the C rock series, low 
CaO, and high Sr, Na2C , and A I2O3 suggest that plagioclase was nearly or 
completely consumed during melting. The HAT series intruded shortly after the 
peak of the Andean orogeny, which is marked by a major magmatic episode and 
a period of crustal thickening. Such processes would fac ilita te  the melting of 
older plutons. Melt products of older CA rock series could produce high Si0 2  
members of the CA series.

Bruce et al. 1987b

Pluton Emplacement and Magmatic Arc Construction: 

A Model from the Patagonian batholith

Field relations, geochronology, and Sr isotope data from the Patagonian 
batholith are integrated into an arc construction model that relates crustal 
growth at convergent margins to pluton emplacement and differential uplift. The 
Patagonian batholith in the southern Chilean Andes represents the eroded roots 
of a subduction-related magmatic arc developed along the Andean convergent 
margin between late Jurassic and Tertiary time. Crystallization ages range from 
157-15 Ma and record semi-continuous magmatic activ ity  during this period. In 
three areas studied in detail (generally 10,00 sq. km) a progression of mafic to 
fe ls ic  rocks is consistently observed: excluding dikes and contaminated 
peraluminous rocks, mafic plutons (norite, gabbro, hornblende diorite) intrude 
firs t and were followed by progressively more felsic plutons (quartz diorite, 
tonalité, granodiorite, and granite). This progression os confirmed by A r/A r, 
Rb/Sr, and U-Pb geochronology in three study areas. D ifferen t areas have 
distinct ranges in age. Such relationships can be interpreted to represent 
diachronous magmatism along the arc. However, a pattern of decreasing initial 
87sr/86$r with time for samples from three widely distributed areas suggests that
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a long-term crustal evolution occurred throughout the magmatic arc, and that 
magmas of all the observed types (mafic to felsic) were generated and emplaced 
through the recorded history of the batholith. As an alternative to diachronous 
magmatism, we present a model of arc-crustal growth that relates the age- 
lithology relationship to pluton emplacement depth and uplift history.

The model assumes semi-continuous uplift of middle to upper crustal levels 
in the thermally-weakened arc, resulting from protracted intrusion of low-density 
magmas at these levels. Within an uplifting crustal block, deeper plutons will 
take longer to reach the surface the shallow plutons. Thus, as exposed today in 
a coherent block, older plutons must have been intruded at deeper levels than 
younger plutons. Furthermore, because the batholith shows a consistent age- 
lithology relationship (old mafic to young felsic progression), it can be concluded 
that the mafic plutons were intruded at a deeper level than felsic plutons. The 
model thus suggests that older (mafic) plutons were uplifted to the intrusion 
depth of younger (felsic) plutons.

The apparent age of a batholith, or of individual areas within a batholith, 
is to a large degree controlled by the uplift history of the arc. The model has 
several corollaries. 1) During the period of recorded magmatism in the area, 
tim e-integrated up lift rate is inversely proportional to the range in ages. Thus, 
an area with a wide range in ages experienced a relatively slow uplift rate  
during the recorded magmatic period. 2) Total uplift since the earliest recorded 
magmatism is inversely proportional to the age of the oldest pluton. Thus and 
area with older plutonism w ill have undergone less uplift compared to an area 
with relatively younger plutonism. These corollaries hold only when comparing 
areas with comparable lithologie variation.

Similar age-lithology relationships have been reported from batholiths in 
Peru, California (Sierra Nevada), Idaho, and SE Alaska, suggesting that our model 
may be applicable in other magmatic arcs. However, the age-lithology patterns 
produced by the proposed processes could be obscured by other geologic events 
(e.g., structural or metamorphic overprints). Also, data must be available from a 
large area and covering a large time span for the tim e-integrated effects of the 
processes to be observed in the age-lithology patterns.
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Bruce et al. (1987c)

Changing Contributions of the Crust and 

Mantle during Andean Arc Construction

Generation of magmas that form continent-hosted magmatic arcs is 
influenced by preexisting geology, subduction kinematics, and crustal thickness in 
the arc. Sr and Nd isotope data from two Andean batholiths define two trends 
of evolving arc plutonism related to changing contributions from the crust and 
mantle. These trends are most affected by crustal thickness. Preexisting 
geology and subduction kinematics appear to influence the rate of change rather 
than its direction.

Sri values decrease and Ndi values increase in southern Chile, reflecting a 
decreasing crustal contribution with tim e. This is due to the combined effects  
of progressive dehydration of the basement, development of an intrusive plumbing 
system, and bulk dilution of the basement. Plutons were emplaced into a thin 
(estimated 10-20 km) Late Paleozoic accretionary prism. The base of this thin 
crusrt was not hot enough to promote regional melting, therefore crustal melting 
was restricted to areas adjacent to plutons. Arc magmatism did not thicken the 
crust sufficiently to cause regional melting. The trend of decreasing crustal 
component with time is opposite that seen in Peru, where plutons intruded 
thicker continental crust.

Sq values increase with decreasing age in Peru, reflecting an increasing 
crustal contribution with tim e. Although the effects of dehydration, plumbing, 
and dilution inhibited crustal involvement, the thick Peruvian crust (currently 50- 
70 km) promoted lower crustal melting. Continued arc magmatism directly added 
heat and increased crustal thickness, causing further crustal melting, and 
decreasing the relative contribution of mantle melts to arc plutonism.


