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ABSTRACT 

Combined Lu-Hf, Sm-Nd and Rb-Sr isotopic studies of 

continental crustal rocks were undertaken to assess the 

relative effects of secondary crustal processes on isotopic 

systematics of whole-roc]c systems. The processes studied 

include ductile deformation, and three cases of hydrothermal 

alteration, involving fluids of varying composition. The 

Rb-Sr system proved to be easily disturbed during all 

secondary processes, while Sm-Nd and Lu-Hf systems were, for 

the most part, resilient. These results show that Nd or Hf 

isotopic information obtained from old rocks that have 

undergone typical crustal deformational and alteration 

events can be counted on to be equally reliable. 

Nd and Hf isotopic analyses were performed on four 

suites of Early Archean felsic gneiss complexes from 

Greenland, Labrador, Swaziland, and Michigan to explore 

questions associated with Early Archean crustal growth. 

The Sm-Nd isotopic data yield initial €Nd values that 

are mostly consistent with published age data for the 

suites. Calculations show limited scatter may be attributed 

to subtle changes in the Sm/Nd ratio or Nd isotopic 

composition. 

The Hf isotopic results are more variable and complex 

than the Nd results. The relevance of the studies on 

isotopic mobility in the first part of this work is that 
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they have demonstrated that Nd and Hf isotopes are equally 

resilient during a range of secondary crustal processes. 

Given the robustness of the Nd isotopic data from the 

Archean samples, however, it seems unreasonable to attribute 

the much wider variation in Hf isotopic data to post-Archean 

isotopic disturbances. Differences in initial Hf isotopic 

ratios from differing magma sources seem called for. Nd and 

Hf whole-rock analyses of a Late Archean pristine garnet

bearing granitoid complex from northern Canada point out the 

importance of garnet in fractionating Lu/Hf ratios, and in 

developing anomalous €III signatures in potential source 

regions. Calculations show that even short-lived upper 

mantle/lower crustal heterogeneities, products of previous 

partial melting events involving garnet fractionation, can 

develop the range of positive and negative €III values seen in 

the Early Archean samples. 
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INTRODUCTION 
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The Lu-Hf isotopic technique was made routine by 

Patchett and Tatsumoto (1980). The system behaves in a 

manner analogous to Sm-Nd in that the daughter element is 

concentrated in the liquid phase during partial melting 

processes. Patchett et al. (1981) demonstrated a consistent 

initial €W=2€Nd for both young and old rocks derived by 

partial melting processes from mantle sources. 

An important application of the Lu-Hf isotopic system 

in crustal evolution studies is related to the fact that 

certain mineral phases are able to create relatively larger 

(or smaller) Lu-Hf fractionations that those predicted for 

the mantle array. possible phases with this potential are 

garnet, with extremely high Lu/Hf ratios, and zircon with 

low Lu/Hf ratios and 1-2% Hf abundances. Neither of these 

phases substantially fractionates Sm from Nd. 

A combined Nd and Hf study of Early Archean felsic 

gneisses was undertaken to address from a new direction some 

of the problems unresolved in Early Archean crust/mantle 

evolution. Numerous theories have been proposed but are 

difficult to test, in part due to to the lack of preserved 

crustal material greater than ca 3.8 Ga, and the highly 

polyrnetamorphosed and polydeformed state of most Archean 

suites. Lu-Hf isotopes offer a potential method to test a 



set of theories which involve early Earth global mantle 

stratification into garnet depleted and garnet enriched 

layers. Tapping those layers during later partial melting 

events could result in rocks with anomalous positive and 

negative fill values relative to f Nd • 

12 

Because of the paucity of data concerning the 

resilience of the Lu-Hf crustal whole rock isotopic system, 

and radiogenic systems in general during post

crystallization disturbance, this study first addresses this 

question. Test cases of typical continental crustal rocks 

exposed (geologically) to a variety of different secondary 

processes were selected. Rock suites including both altered 

and unaltered samples were analyzed for Hf, Nd and Sr 

isotopes to evaluate the range of disturbance of each 

isotopic system. In establishing comparable resilience for 

the Lu-Hf and Sm-Nd systems, combined isotopic data for the 

polymetamorphosed Archean suites can be treated with a fair 

level of confidence with regard to the integrity of the 

data. The results can be assumed to be representative of 

initial isotopic conditions. The structure of this work is 

as follows: Chapter 2 summarizes the analytical techniques 

and data representation. Chapters 3 and 4 present two 

studies of Hf, Nd and Sr whole-rock isotopic behavior during 

alteration of typical continental crustal rocks. Chapter 5 

presents results of a combined Hf and Nd isotopic study of 



Early Archean felsic complexes. Chapter 6 summarizes the 

results and conclusions of this work. 
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CHAPTER 2 

ANALYTICAL TECHNIQUES AND DATA REPRESENTATION 

ANALYTICAL TECHNIQUES 

14 

The analytical techniques for Rb-Sr and Sm-Nd generally 

follow Patchett and Ruiz (1987). The Lu-Hf chemical method 

is similar to that described by Patchett and Tatsumoto 

(1980) and stevenson and Patchett (1990). Differences in 

general procedures were developed, as difficulties were 

encountered in various aspects of the chemistry and mass 

spectrometry, and are summarized below. 

Approximately 1.25 grams of rock powder were dissolved 

in open bombs in a HF-HN03 mixture overnight, then the bombs 

were sealed with fresh HF-HN03 for seven days at 1600 c. The 

eventual HCl solutions of the samples were initially split 

into two aliquots. One aliquot was spiked with combined 

149Sm_150Nd and 176Lu_18°Hf spike solutions for determination of 

Sm, Nd, Lu and Hf concentrations, 147Smjl44Nd and 176Luj177Hf 

ratios, as well as the isotopic composition UlNdjIHNd. Hf 

isotopic compositions were determined on the second aliquot. 

The REE fraction that included Sm and Nd was collected 

during the first stage Hf separation and taken to the second 

stage REE columns for further separation. This method 

allowed for measurement of Nd and Hf concentrations and 

176Luj177Hf, 147Smj144Nd and 143Ndjl44Nd ratios on the same sample 

fraction, and minimized variations due to sample 
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inhomogeneity. Unacceptable Nd blanks were measured on the 

first stage separation columns after only 10 sample sets had 

been processed. Apparently, insoluble REE fluoride 

precipitate buildup in the resin was contributing a non

neglible amount of Sm and Nd to the sample. The source of 

the fluorine, HF, is an important part of the separation 

procedure, and HF is a necessary component of the cleaning 

procedure. Therefore the practice of collecting REE 

fractions from the first stage Hf columns was discarded, and 

Hel sample solutions were instead split into three aliquots. 

One aliquot was spiked with a combined 87Rb_U·Sr and U9Sm_ 

l~oNd solution and taken directly to the first stage REE 

column. A second aliquot. was spiked with combined 176Lu_ 

18°Hf solution, and the third was used for determination of 

Hf isotopic compositions. 

The LREE·-F precipitate build-up was much more rapid 

than the HREE-F buildup, and the resin for the column was 

changed on a regular basis (every 4th sample set) to avoid a 

Lu blank problem. Once this REE blank problem was solved, 

overall blanks measured during the study were Sr < 200 

picograms, Sm < 50 picograms, Nd < 120 picograms and Hf < 

300 picograms. 

Initial final Hf separations were unsuccessful. Zr and 

Al were not effectively separated, causing extremely poor Hf 

ionization, and very small signals in the mass spectrometer. 
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A1 was supposed to be eluted during the second stage column 

procedure with 8M HF, while Hf (and Zr and Ti) were left on 

the column, to be collected in 29M HF. Qualitative work on 

an inductively coupled plasma mass spectrometer (ICP-MS) 

showed this procedure was not successfully separating A1. 

On the third stage columns, A1 was interfering with the Zr 

separation from Hf. The separation procedure for the first 

stage column was modified to minimize the amount of A1 

collected, while not losing any of the Hf. This was 

accomplished by decreasing the molarity of HF used in the 

separation from O.lM to O.05M. The separation procedure for 

the third stage column was modified to separate any 

remaining A1 from the sample early, while leaving Hf on the 

resin. This was accomplished by eluting A1 early in the 

separation procedure with very pure 2.5M HC1, which was 

distilled in a HF-free environmnet. Any F in this HC1 would 

complex the Hf, and result in a loss of Hf recovery. 

Nonetheless, A1 still remains a problem in this separation 

procedure, and based on appearance of the dried sample after 

third stage separation, the sample is sometimes passed 

through the third stage column again. 

Hf is analyzed on a triple Re filament configuration. 

Problems of ionization resulted in a slight modification of 

the loading technique. Two drops of polyethylene are melted 

onto the center filament approximately 1 mm apart. The Hf 



is dissolved in HF, a drop of H3P04 added, and the solution 

is loaded between between the polyethylene drops. 

Containing the sample within a small area on the filament 

allows for ionization of more of the sample over a shorter 

length of time. The polyethylene evaporates when the 

filament is heated, leaving no residue visible under the 

binocular microscope. 
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All isotopic measurements were made on a six-collector 

VG 354 using appropriate Faraday multi-collector 

configurations (Patchett and Ruiz, 1987; stevenson and 

Patchett 1990). Total Hf' currents were from 1. 2 to 1. 6*10. 11 

amps. Normaliza'tion ratios used and results of standard 

analyses during the course of the study are as follows: 

86Sr/88Sr = 0.1194, 146Nd/ 1HNd = 0.7219, and 179Hf/177Hf = 0.7325. 

87Sr/86Sr = 0.710248 ± 9 (20) for 32 runs of NBS987 standard, 

143Nd/1HNd = 0.511856 ± 7 (20) for 49 runs of the La Jolla 

standard, and 176Hf/177Hf = 0.282149 ± 14 (20) for 27 runs of 

JMC475 standard were obtained during the course of the 

study. Duplicate analyses throughout the course of the 

study (Tables 5, 7) indicate, for the most part, the 

reproducibility of the isotopic results, to ± 1% for Sm/Nd 

and Lu/Hf ratios. 

DATA REPRESENTATION 

All the isotopic data are presented in present-day 

measured isotopic ratios. Initial isotopic ratios are 



calculated as follows for Nd and Hf: 

'4JNd/'44Nd (ini. ) = '4JNdl'44Nd (meas. ) _147sm/'44Nd (e,ambda(t)_I) 

176Hf/177Hf (ini. ) ='76Hf/ 177Hf (meas. ) _ '76Lu/ 177Hf (e'ambdalt)_I) 

where lambda is the decay constant; for Nd = 6.54*10 012 yro1 

and for Hf = 1. 94*10011 yro1 • 

18 

The initial ratios can be more easily discussed in the 

fNd and flf! notation of DePaolo and Wasserburg (1976) and 

Patchett et ale (1981): 

fNd = 104*[ (,4JNd/144Nd(sample)/14JNdI'44Nd(CHUR» -1] 

€If! = 104*[ (,76Hf/ 177Hf (sample)/ '76Hf/ 177Hf (CHUR) )-1] 

where 14JNd/'44Nd (CHUR at t) = 0.512638 - 0.1966 (e,ambdalt'_I) and 

176Hf/177Hf(CHUR at t) = 0.28281 - 0.0334 (e,ambda(t)_I), where 

t = age in years before present. CHUR stands for chondri tic 

uniform reservoir, taken to be equivalent to the bulk Earth. 
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CHAPTER 3 

Hf, Nd, Sr ISOTOPIC BEHAVIOR DURING GRANITIC MYLONITIZATION 

SUMMARY 

A combined study of major elements and Hf, Nd and Sr 

isotopes was performed on a suite of progressively deformed 

granite samples from a mylonite zone in the Harquahala 

Mountains, western Arizona (Fig. 1), to evaluate the effects 

of deformation and metamorphism on the isotopic systematics 

of typical continental crustal rocks. The 1.4 Ga Harquahala 

Granite was deformed during Mesozoic thrusting along the 

Harquahala thrust. Granite in the resulting 60 meter wide 

shear zone ranges from protomylonite to ultramylonite. In 

most of these mylonites, the protolith is not megascopically 

recognizable, and can be discerned only by the progressive 

transition to undeformed granite. Hf, Nd and Sr isotopic . 

analyses from the shear zone document the immobility of the 

Hf and Nd systems during deformation relative to the 

mobility of the Sr isotopic system. Rb-Sr isotopic data 

show considerable scatter on an isochron plot, exhibiting 

both gains and losses of Rb and Sr from the whole rock 

systems. In contrast, the Sm-Nd and Lu-Hf isotopic 

systematics are well behaved on isochron diagrams, plotting 

mostly in tight clusters or along 1.4 Ga isochrons. These 

results show that while Sr isotopes in crustal rocks are 

quite susceptible to later tectonic disturbance, both Hf and 
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Nd isotopes can provide reliable model age information in 

continental crustal terranes that have been subjected to low 

to medium grades of deformation and metamorphism. 

INTRODUCTION 

A tacit assumption in the use of the Sm-Nd and Lu-Hf 

isotopic systems for crustal evolution studies is that there 

is limited post-crystallization isotopic reequilibration 

during such processes as metamorphism, deformation, and 

hydrothermal alteration. For example, this assumption is 

made whenever slaty, schistose or gneissic rocks are used to 

determine initial Nd isotopic ratios at the time of igneous 

or sedimentary rock formation, pre-dating the metamorphism. 

The assumption of undisturbed isotope systematics is thus 

more fundamental than other problems of model age 

interpretation, summarized by Arndt and Goldstein (1987). 

While several workers have demonstrated the mobility of the 

Rb-Sr isotopic system during secondary processes (e.g., 

Fairbairn et al., 1961; Hanson and Gast, 1967; Blaxland, 

1974) few comprehensive studies test the assumption of 

limited effect on Sm-Nd and Lu-Hf isotopic parameters of 

continental crustal rocks during secondary events (see 

McCulloch and Black, 1984; Farmer and DePaolo, 1987). The 

present study describes the effects of severe ductile 

deformation and low grade metamorphism on the Hf, Nd, and Sr 

isotopic systematics of a granite/granodiorite whole-rock 



system. It is well documented that rocks in ductile shear 

zones can be altered in both mineralogy and bulk chemistry 

relative to surrounding undeformed rock (Beach, 1976; 

Kerrich et al., 1980; O'Hara and Blackburn, 1989), but 

little is known about the resilience of their isotopic 

systems. 

GEOLOGICAL BACKGROUND 

21 

The deformed rocks chosen for this study are from a 

mylonitic shear zone, part of the Harquahala thrust system 

in the Harquahala Mountains, western Arizona (Fig. 1) 

(Reynolds et al., 1980). The Harquahala thrust emplaces 

gneisses inferred to be of Early Proterozoic age southward 

on top of the ca 1.4 Ga Harquahala granite. Richard (1988) 

suggests that, based on comparison with other known Early 

Proterozoic rock assemblages nearby, the quartzofeldspathic 

gneisses and pelitic schists in the Harquahala range are 

probably related to a volcano-sedimentary assemblage 

deposited from 1.8 to 1.7 Ga ago. Although the 

crystallization age of the Harquahala granite is not 

definitively known, it closely resembles other Middle 

Proterozoic phenocrystic granites that intruded in the 

southwest united states ca 1.4 Ga ago. In addition, u

Pbanalysis of one zircon fraction separated from the 

Harquahala granite, although discordant, yields a minimum 

207Pb_206Pb age of 1.39 Ga (Richard pers comm). 
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The thrust is represented by a 60 to 80 meter thick 

mylonitic zone in the foott-lall Harquahala Granite. The 

fault rocks within the granite range from protomylonite to 

ultramylonite bracketed between 160 Ma and 69 Ma, based on 

cross-cutting relations of dated rock units (Richard, 1988). 

Two-feldspar geothermometry indicates a peak post-thrust 

metamorphic temperature range of 513 to 564 0 C from a 

sheared sample of the Harquahala granite five meters below 

the Harquahala thrust (Richard, 1988). The mylonitic shear 

zone is particularly well-suited to a study of isotopic 

disturbance. The undeformed rock is relatively homogen.90us, 

which minimizes chemical differences due to original 

lithologic variation. The age difference between the 

deformation event (between 160 and 69 Ma) and the granite 

(1.4 Ga) allows for potentially large isotopic differences 

to have developed in the intervening time period. Also, a 

sample suite ranging from nearly undeformed to ultra

mylonitic was collected over a distance of only about 80 

meters, further minimizing possible isotopic variation due 

to compositional differences. 

The Harquahala granite is a coarse-grained porphyritic 

granite to granodiorite using the classification system of 

(streckeisen, 1976), and is distinguished by up to 5 em long 

microcline phenocrysts. In the outcrop regions sampled, the 

mylonitic shear zone is about 60 meters thick. The deformed 
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granite in the shear zone ranges from protomylonite, where 

surviving quartz, biotite and feldspar porphyroclasts 

comprise about 80% of the rock, to ultramylonite, with a 

very fine-grained matrix and a nearly complete lack of 

porphyroclasts. The more mylonitic rocks can be 

megascopically recognized as granites only on the basis of 

color index. The protolith of a single mylonite is obscure 

in the field, but can be connected to undeformed granite 

through the progressive transitions occurring across the 

shear zone. 

SAMPLE SUITES 

Sample suites of the granite were collected across the 

shear zone in two different traverses (Fig. 1). The samples 

are grouped according to degree of deformation into four 

classes: undeformed, protomylonite, mylonite, and 

ultramylonite. The microstructural transitions seen with 

increasing degree of deformation are described below. 

The undeformed samples consist of 80% phenocrysts of 

quartz, feldspar and biotite in a fine-grained matrix (0.05-

0.3 rom) of biotite, epidote, quartz, opaques, and feldspar. 

Apatite and titanite are abundant trace phases. Although 

these samples appear undeformed in hand specimen, 

deformational textures are evident microscopically. In thin 

sections of the undeformed samples, the most obvious signs 

of deformation are in quartz, which occurs mostly in tear-



shaped aggregates, with common undulose extinction and 

serrate boundaries. Micas show little evidence of defor

mation. Although the coarse-grained titanite in thin 

section is highly fractured, feldspar exhibits only rare 

brittle behavior at these lowest levels of deformational 

grade. Less than 15% of the microcline and plagioclase 

grains are fractured, and very little new grain growth is 

seen. 

The protomylonites from the shear zone consist of 

approximately 60-75% porphyroclasts. Recrystallization is 

more common within the feldspars. Destruction of feldspar 

is accompanied by a marked increase in the abundance of 

muscovite and epidote group minerals, and hence probably 

water content of the total rock. Most of the quartz is 

converted to aggregates of polygonal equant grains, 

suggesting annealing recrystallization has occurred in the 

protomylonites. Biotite is partially recrystallized at 

shallow angles to the foliation. 
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In the mylonites, porphyroclasts of any composition 

make up only between 15 and 50% of the rock. The quartz 

aggregates are ribbon-like in shape. The few remaining K

feldspar porphyroclasts are highly fractured and twinned, 

and heavily mottled by recrystallization. Biotite is mostly 

recrystallized to fine grains at shallow angles to the 

foliation. Titanite porphyroclasts are completely 
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dismembered and are no longer recognizable in thin section. 

Much of the plagioclase is altered to fine-grained mats of 

sericite. Muscovite and epidote group minerals have 

increased in abundance relative to the protomylonite 

samples, up to 8-10%. 

The ultramylonite samples, KB89-2 and KB89-6A, from 0.5 

and 0.8 meters respectively below the thrust surface, 

represent the highest level of deformation in the shear 

zone. Porphyroclasts are rare to non-existent, and the 

samples are highly sheared. These samples show a 

crenulation cleavage in addition to their mylonitic 

foliation. The mica is primarily chlorite and muscovite, 

with only rare biotite. Up to 3% calcite occurs either in 

veins that cut across the mylonitic foliation or randomly 

dispersed throughout the matrix. The abundant chlorite and 

sericite and the calcite veining in these two samples 

suggest that a higher degree of fluid infiltration occurred 

at the thrust surface in some places. In general, all the 

deformed samples exhibit varying degrees of fluid 

alteration, including sericitization of feldspars and 

chloritization of biotite. 

RESULTS 

Geochemical and isotopic data are presented in Tables 1 

and 2 and Figs. 2 through 6. It is quite difficult to 

estimate possible changes in volume within a shear zone 
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without information on strain rate (Winchester and Max, 

1984; Kerrich et al., 1980), and it is not the goal of this 

study to quantify all the mineralogical and chemical 

transformations accompanying the deformation. For the 

purposes of a qualitative comparison of the major and minor 

element data however, an assumption of relatively constant 

volume throughout the shear zone, based on consistent low 

l,OI values for the shear zone samples and the lack of 

textural evidence for large changes in volatile content, is 

reasonable. Inspection of Table 1 reveals no consistent 

depletion or enhancement of any major element oxide with 

increasing deformation. The selected variation diagrams in 

Fig. 2 reveal typical patterns of chemical variation for 

most of the major elements, with MgO, FePJ' Ti021 and CaO 

exhibiting consistent and expected variations with Si02 • 

In contrast, random fluctuations are seen for Na20 and K20, 

while Rb and Sr are very scattered. It has been shown that 

a rock can contain a constant amount of total alkalis, with 

variations in the individual Na and K concentrations 

accounted for by small scale differences in feldspar 

composition, minerals which in these quartzofeldspathic 

rocks carry most of the alkalis (e.g. Blaxland, 1974). 

However, the plot of Na20 plus K20 vs. Si02 (Fig. 2) also 

shows erratic variations which imply that the variation in 

Na+ and K+ cannot be simply explained in the above manner. 



TABLE 1. Abundances of major elements (weight % oxides). 

UNDEFORMED PROTOMYLONITE 

SAMPLE KB89-11 KB89-10 KB89-5 KBS9-1 KBS9-9 

m BELOW 100 B 40B 24 A 20 A 15 B 
THRUffiO 
SiC:! 65.20 65.70 66.30 59.20 67.90 

TI02 0.70 15.00 0.S2 1.12 0.50 

A12~ 14.10 0.65 14.60 14.S0 14.10 

FaA 5.07 4.S7 5.22 7.41 3.39 

MnO 0.07 O.OS 0.09 0.13 0.06 

M;P 1.13 1.24 1.38 3.44 0.S3 

Q:O 2.46 2.73 2.42 5.S7 2.15 

N&zO 3.09 2.99 3.15 2.24 2.92 

K~ 4.15 4.69 3.73 2.51 5.38 

PA 0.35 0.23 0.30 0.41 0.22 

Lot 1.67 0.48 1.21 1.69 0.S4 

TOTALS 9S.81 98.11 99.32 9S.92 98.45 

0A or B refers to traverses of Figure 1. 
LOI = weight percent loss on ignition at 11000 C 

MYLONITE 
KB89-7 KB89-68 KB89-6 KBS9-3 

6 B 3.58 3B 1.5 A 

64.50 66.50 62.10 71.20 
0.92 O.SO O.Sl 0.43 

14.S0 14.00 14.90 13.30 
4.95 5.05 5.31 2.52 
0.07 0.10 0.12 0.04 
1.11 1.45 3.0S 0.56 
3.42 2.94 4.S2 0.S6 
3.18 2.22 1.94 2.S1 
4.95 4.6S 4.55 5.53 
0.35 0.30 0.15 0.23 
0.64 0.74 1.19 0.S7 

99.07 98.90 99.09 98.43 

ULTRAMYLONITE 
KBS9-2A KB89-6A KBS9-2 

1 A O.S B 0.5 A 

66.30 64.60 67.90 
0.75 0.71 0.69 

13.60 14.30 13.90 
4.55 4.SS 4.53 

O.OS O.OS 0.06 
1.11 1.09 0.99 
2.18 2.59 2.36 
3.14 3.04 4.01 
4.35 4.66 2.42 
0.40 0.40 0.36 
0.S7 1.26 1.51 

98.52 97.75 98.S1 

t\) 

OJ 



I 

15 

13 
~

AI~3 7 
o 00 5 

"wi 
o 3 

1 

9 ..----0-0--0-... 1'2r---~--0---T-i<2"" 

+~ 0.8 0 9 
7·0 + 

o + 0 

Na20+K20 0.4 
5 o 

w-______ ...... 0.0 ............... _ ....... _ ................ 

5 4~--------... 

3 MgO 

3 
2 

1 1 
o 

5 

31-

1 • 

~cao 
o 

5 

3 

300~-------...600~---------~ 

200 
Rb(ppm) 

o 
400 

o 0 0' 

100 

+ 

o 0 
0+ 200 

+. ·0 
+ 
Sr(ppm) 
o 

0
00 

0 

o 0 

60 65 70 
Si02 

29 

Fig. 2. Selected Harker diagrams for major elements (in 
weight %) in the Harquahala Granite. Filled circles are 
undeformed samples; open circles are protomylonite and 
mylonite samples; crosses are ultramylonite samples. Trends 
are shown only for major elements that seem to vary smoothly 
with Siop 



From the scatter in the alkali data, the variation in Rb 

contents is expected, as Rb often follows the alkalies. 

But it is surprising that the Sr contents are so erratic, 

given the smooth variation in CaD abundance with sio2 • 
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In Fig. 3, Rb/Sr, Sm/Nd and Lu/Hf elemental ratios for 

each sample have been normalized to the ratios for the least 

deformed sample KB89-l1, and plotted as a function of the 

sample distance away from the thrust. The Rb/Sr ratios can 

be seen to fluctuate widely and randomly with distance away 

from the thrust, and reflect both increases and decreases of 

these elements. In contrast, the Sm/Nd and Lu/Hf ratios 

show only subtle variations that are easily attributable to 

original lithological variations. The only exceptions to 

the uniformity of the Sm/Nd and Lu/Hf ratios are samples 

KB89-1 and KB89-5, both around 11 meters below the thrust 

(Fig. 3). KB89-5 has a high Lu concentration relative to 

the rest of the samples, while KB89-1 has both elevated Sm 

and Lu concentrations. As seen in Table 1, sample KB89-1 

has the most mafic major element geochemistry. Some mafic 

enclaves are seen in the undeformed outcrop areas, as is 

typical of granitoid complexes in general. This poses the 

possibility that KB89-1 and possibly KB89-5 are samples of 

more mafic enclaves in the Harquahala granite that have been 

mylonitized together with the normal granites. The 

mylonitization of these two samples would 
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Fig. 3. Plot of log of distance below the thrust surface 
vs. Rb/Sr, Sm/Nd and Lu/Hf ratios for each sample normalized 
to the ratios for the least deformed sample KB89-11. 
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certainly have eradicated any visible distinctions from the 

more average Harquahala rocks. 

Isotopic data are given in Table 2, and Figs. 4 through 

6 present the isotopic data in the form of isochron plots. 

On each isochron diagram, a 1.4 Ga reference isochron is 

plotted to compare the scale of isotopic variation seen in 

the samples. As samples of a single pluton, all isotopic 

data from the Harquahala Granite should plot near this line 

on each isochron diagram, if the isotopic systems were 

unaffected by the deformation. There are large and random 

variations in the 87Rb/86Sr and 87sr/86sr ratios (Fig. 4). The 

samples plot both above and below the 1.4 Ga reference 

isochron, indicating a preferential loss and/or gain of Rb 

and Sr with respect to the whole-rock system. The Sm-Nd 

and Lu-Hf data all plot close to a 1.4 Ga reference 

isochron, except for samples KB89-2 and KB89-6A (Figs. 5 and 

6). These are the two ultramylonite samples from just 0.5 

and 0.8 meters below the thrust surface, respectively, and 

both are variably offset from the 1.4 Ga reference 

isochrons. On the other hand, the more mafic sample KB89-1 

has elevated Sm/Nd and Lu/Hf ratios, but the isotopic varia

tions in this sample are correlated, and the sample plots 

close to the reference isochrons. The same is true for 

sample KB89-5 with respect to its Lu-Hf isotopic ratios. 

The remainder of the samples show very little difference in 



Table 2. Sm-Nd, Lu-Hf and Rb-Sr data for Harquahala Granite samples. 

M:lER3 B8.DN Sm- Nd- 143NdJI'"Nd Lut HI- 176HfJ1nHI 
SAMPLE 1l-R.SJO (wm) (wm) 147SmJ1'"Nd- measured ~ (ppm) (ppm) 176LuJln Htf measured~ 
UNDEFORMED 
KB89-11 100 8 8.67 43.85 0.1195 0.511816!6 O.SO 6.34 0.01111 0282348!22 
KB89-10 558 12.24 62.15 0.1191 0.51182B!6 0.55 7.74 0.01001 0282320:39 
PROTOMYLONITE 
KB89-5 24 A 8.43 45.89 0.1111 0.511756!9 0.77 6.06 0.01804 0282539!.16 
KB89-1 20A 24.23 82.49 0.1779 0.512451!.4 1.42 7.07 0.02839 0.28287S!28 
KB89-9 15 8 14.97 82.70 0.1095 0.511752!S 0.68 8.06 0.01201 0282332!30 
MYLONITE 
KB89-7 68 11.55 65.92 0.1059 0.511686!6 0.53 6.90 0.01090 0.232320!20 
KB89-6B 3.5 8 9.54 55.48 0.1039 o .511687!.7 0.40 6.10 0.00929 0282278!32 
KB89-6 38 14.49 83.47 0.1049 0.511666!6 0.60 8.54 0.00998 0282277!30 
KB89-3 1.5 A 12.37 64.62 0.1157 0.511810!5 0.66 8.39 0.01112 028232S!38 
KB89-2A 1 A 9.56 SO.35 0.1148 0.511778!5 0.66 7.SO 0.01249 0282347!.19 
U. TRAMYLONITE 
KB89-6A 0.88 10.62 57.33 0.1120 0.511843!5 0.49 6.97 0.00999 028233~15 

KB89-2 0.5 A 12.24 67.17 0.1102 0.511789-7 0.60 9.16 0.00922 0282496!32 

°A or B refers to traverses of Fig. 1. 
*2a errors lor Sm, Nd, Sr, and HI concentrations and 147Sm1144Nd are < 0.5%. 
t2a errors for Rb and Lu concentrations and 176Lu/177Hf and 87Rbl86Sr are < 1.0%. 

Rbt Sr-
(ppm) (ppm) 

154.2 315.1 
145.8 380.6 

213.8 177.9 
146.5 205.3 
83.3 418.4 

133.9 218.4 
63.6 295.7 

139.9 246.1 
88.5 249.8 
61.4 235.4 

49.0 398.5 
66.8 545.5 

87srJ86Sr 
87RbJ86Srt measured !2a 

1.4195 0.73711!.1 
1.1101 0.72856!.1 

3.4997 0.77694!.1 
2.0711 0.73998!2 
0.5769 0.7274B!.1 

1.7786 0.731Q4!3 
0.6208 0.73356!1 
1.6478 0.7~1 
1.0275 0.7~1 

0.7555 0.72682!.1 

0.3564 0.72B71!.1 
0.3547 0.72234!.1 

(.oJ 

(.oJ 
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Fig. 4. Rb-Sr isochron plot of Harquahala Granite samples. 
Symbols as in Fig. 2. The 1.4 Ga isochron is for reference 
only. Note the scattering of the data points. 
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Fig. 5. Sm-Nd isochron plot of Harquahala Granite samples. 
Symbols as in Figs. 2 and 4. The 1.4 Ga isochron is for 
reference only. Note the consistency of most of the samples 
with the 1.4 Ga isochron, showing negligible isotopic 
disturbance during the thrusting event. 
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Fig. 6. Lu-Hf isochron plot of Harquahala Granite samples. 
Symbols as in Figs. 2, 4, and 5. The 1.4 Ga isochron is for 
reference only. As in Fig. 5, note the consistency of most 
of the samples with the reference isochron, indicating 
little disturbance during deformation. 
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their isotopic compositions. The Sm/Nd and Lu/Hf variations 

of granitic whole-rock suites are usually too small to allow 

calculation of a meaningful isochron, and that is also the 

case for the Harquahala granite. 

DISCUSSION 

variations in trace element concentrations and isotopic 

values of an altered granitic rock can be attributed to two 

factors: 1) original compositional heterogeneity, or 2) 

mobilization of elements on a scale greater than the sampled 

rock volume during alteration. If these chemical variations 

are due to compositional heterogeneity alone, then in a 

granitoid with a single initial isotopic ratio the present

day isotopic ratios for each system should be correlated, 

and the samples of a single plutonic unit will lie on an 

isochron line whose slope is proportional to the age of the 

rock. On the other hand, if the variations are due to 

exchange with imported trace elements having isotopic 

compositions distinct from the host rock, then the isotopic 

ratios will not be correlated, and the plotted samples will 

deviate from the isochron. Element concentration data by 

themselves are not necessarily sUfficient to identify trace 

element transport (e.g., Farmer and DePaolo, 1987). For 

example, element exchange during hydrothermal alteration may 

result in little effect on elemental abundance, but can have 

a sUbstantial effect on isotopic composition, if the 



introduced elements had a different isotopic composition 

than the original elements of the rock. 
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The variations in the Rb and Sr concentration data 

(Fig. 4), combined with the variations in 87Rb/86Sr and 

87sr/86Sr (Fig. 5) are attributed to gains or losses of Rb and 

Sr during mylonitization. Fluctuations in Rb concentration 

are predictable given the poor correlation between K20 and 

Si20 contents of the sheared rocks (Fig. 2). The great 

mobility of the alkali elements during deformation has been 

demonstrated before (Kerrich et al., 1980; Winchester and 

Max, 1984). Rb easily sUbstitutes for K in alkali feldspar 

(e.g. Hanson, 1978), and this mineral has been strongly 

deformed and recrystallized throughout the shear zone. 

Thus, erratic variations in the major element chemistry of 

the alkali feldspar would be mimicked by variations in trace 

elements such as Rb that are enriched in these phases. The 

fluctuations in Sr concentration at first seem unexpected 

given the smooth variation in CaO content with si02 • Sr 

usually follows Ca in quartzofeldspathic rocks. It is 

evident that the plagioclase, the major Ca source in the 

rock, has been recrystallized during mylonitization. In 

that Ca is more difficult to mobilize than the alkalis, 

local conservation of Ca has taken place during 

recrystallization, as confirmed by the approximately linear 

variation of CaO content with Si02 • The recrystallized 
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plagioclase, however, is very likely to have a different 

composition than the original plagioclase. Feldspar 

compositional changes during recrystallization have been 

documented by other workers in shear zones (Kerrich et ale 

1980; see smith, 1974 for review) and feldspar distribution 

coefficients for Sr show a strong and non-linear dependence 

on composition (Hall, 1967; Korringa and Noble, 1971; Smith, 

1974). On this basis, the Sr concentrations in the recrys

tallized plagioclase might be expected to have changed. 

In contrast to Rb and Sr, it has been noted that 80% or more 

of the REE and Hf in felsic rocks reside in trace minerals 

such as apatite, titanite, allanite and zircon, phases which 

comprise much less than 1% of the volume of a typical 

granitoid (Alderton et al., 1980; Exley, 1980; Gromet and 

Silver, 1983). This is totally different to the behavior of 

Rb and Sr, which reside mainly in the major minerals. 

Textural evidence was seen for brittle behavior of titanite 

in the deformed granite samples, and although we were unable 

to observe zircon behavior in the rocks microscopically, 

zircon has been shown to exhibit brittle behavior under 

mylonitic deformation (Boullier, 1980). Thus while the 

character of the mylonite is one of bulk ductile behavior 

and recrystallization, it seems possible that the trace 

phases have exhibited brittle behavior, suffering grain size 

reduction during shearing only by fracturing. This 
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suggestion would be consistent with the relatively constant 

8m/Nd and Lu/Hf ratios throughout the shear zone. 

In considering concentration data alone, the 

anamolously high 8m and Lu concentrations for sample KB89-1 

and the high Lu concentration for KB89-5 might suggest 

mobility of these elements during deformation, but the 

correlation of their isotopic compositions on the isochron 

diagrams (Figs. 5 and 6) shows that these variations must be 

due to original lithologic heterogeneity within the 

Harquahala granite. This conclusion is supported by the 

more mafic mineralogy of these two samples and the more si

poor, Fe- and Ca-rich major element geochemistry of sample 

KB89-1. 

The only samples that show Nd and Hf isotopic 

disturbance are the ultramylonite samples from the highly 

deformed zone directly below the thrust (samples KB89-2 and 

KB89-6A). These samples also show textural evidence of the 

greatest degree of fluid alteration. Two possible 

explanations can be made for the Nd and Hf isotopic 

disturbance in these samples. Shear zones often favor 

locally high levels of fluid migration, as is evidenced here 

by textural features such as intense sericitization and 

chloritization. The fluid flux concentrated at the base of 

the thrust combined with the intensity of deformation may 

have been able to effect minimal but identifiable distur-
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bance of the Nd and Hf isotopic systems. Here at the shear 

zone, exchange with a fluid that transported Nd and Hf with 

an isotopic composition distinct from the whole rock might 

have occurred, and resulted in a slight disturbance of the 

Nd and Hf isotopic systems. An obvious source of both 

different REE abundance patterns and diverging 143Nd/ IHNd and 

176Hf/177Hf ratios are the ca 1. 8 Ga gneisses overlying the 

thrust. 

Another explanation for the isotopic disturbance of the 

two ultramylonitic samples is mechanical mixing within the 

shear zone of the lower plate Harquahala granite and upper 

plate Early Proterozoic gneiss during the thrusting event. 

CONCLUSIONS 

Mylonitization within the Harquahala granite during 

thrusting has resulted in significant disturbance of the Rb

Sr isotopic system at all levels of deformation and 

recrystallization. In contrast, the Sm-Nd and Lu-Hf systems 

are immobile at nearly all levels throughout the shear zone 

except very close to the thrust, where greater influx of 

fluids is likely. within the limits of general applicabil

ility of this study, the overall insensitivity of the Nd and 

Hf systems to disturbance during an extreme deformational 

event lends confidence to the use of Nd and Hf isotopes, and 

hence model ages, in crustal evolution studies employing 

low-to medium-grade deformed or metamorphosed rocks. 
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CHAPTER 4 

Hf, Nd AND Sr ISOTOPIC BEHAVIOR DURING HYDROTHERMAL 
ALTERATION OF GRANITIC ROCKS 

SUMMARY 

A combined major element ana Hf, Nd and Sr isotopic 

study was carried out on typical continental crust-forming 

rocks to evaluate the effects of intense hydrothermal 

metamorphism on these isotopic systems. The Rb-Sr system 

has been shown to be easily vulnerable to disturbance, but 

current assumption holds that the REE and Hf are immobile 

during most secondary events and thus Nd and Hf isotopic 

analyses from rocks subjected to post-magmatic disturbance 

can still yield reliable crust formation ages. Three test 

cases studied involved significant fluid interaction, with 
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very different fluid compositions: K-metasomatized Tertiary 

volcanic rocks in western Arizona, CI- dominated fluid 

alteration of Precambrian Oracle granite wall rock from the 

San Manuel porphyry deposit, southern Arizona, and F

dominated fluid alteration of Precambrian Silver Plume 

granite wall rock from the Henderson porphyry deposit, 

central Colorado. 

As predicted, the Rb-Sr isotopic system was easily dis-

turbed, with both gains and losses of Rb and Sr evident. 

This result is the combination of three factors: 1) the 

large budget of Rb and Sr in most of the major rock-forming 
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minerals of granitoids, 2) the susceptibilty of these 

minerals to alteration by fluids of varying compositions 

over a wide range of temperatures, and 3) the ease with 

which Rb and Sr are complexed by a number of aqueous species 

present in the altering fluid. 

Sm-Nd and Lu-Hf isotopic systematics were relatively 

undisturbed in the K-metasomatized volcanic rocks and the 

hydrothermally altered Oracle granite at San Manuel. These 

results lead to two possible conclusions: 1) The minerals 

that concentrate these elements in felsic rocks (titanite, 

zircon, apatite, allanite) were relatively stable during the 

alteration events, and/or 2) the fluid species were not 

effective at complexing the REE and Hf. 

Fresh Silver Plume granite is quite homogeneous in its 

Nd and Hf isotopic composition, but there was significant 

disturbance of both Sm-Nd and Lu-Hf systems during phyllic 

alteration of the Silver Plume granite at Henderson. Sm, 

Nd, Lu and Hf concentrations have decreased by up to 75% in 

the most altered samples. Although dilution of the rock 

volume during alteration by addition of low REE- and Hf

bearing minerals may account for some of the drop, dilution 

cannot explain the progressive increase in Sm/Nd and Lu/Hf 

ratios and Nd and Hf isotopic compositions with alteration. 

Although metasomatism substantially altered the isotopic 

parameters of the granite, the Sm-Nd and Lu-Hf isotopic 
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ratios have remained correlated so that initial €~ and €HI 

values for the altered samples are generally within 

analytical error of the fresh Silver Plume granite samples. 

The REE and Hf must have been liberated uniformly from low 

Sm/Nd and Lu/Hf minerals (biotite and muscovite are likely 

candidates) during phyllic alteration and efficiently 

complexed and transported out of the system by the high 

abundances of F- documented in the hydrothermal fluid. The 

resulting altered whole rock samples would have accordingly 

higher Sm-Nd and Lu-Hf ratios, but because the elements were 

removed in the original ratios in which they resided in the 

now destroyed mineral phases, the samples still yield the 

same initial isotopic ratios. 

The difference between San Manuel, where the Nd and Hf 

systems were mostly undisturbed, and Henderson, where the 

systems were severely perturbed, lies in the composition of 

the altering fluid. F- as the dominant aqueous species 

present during alteration of the Silver Plume granite 

allowed for efficient complexing and transport of liberated 

REE and Hf. CI- was the dominant aqueous species in the 

hydrothermal fluid at San Manuel, and except in the most 

intensely potassically altered samples, where the Nd and Hf 

isotopes were slightly perturbed, it was unable to transport 

the REE and Hf any great distance. 

This study has shown that during strong rock-fluid 
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interaction, Nd and Hf isotopic systematics can be 

perturbed, as seen for the Silver Plume granite at 

Henderson. For the most part, F- dominated fluids are rare 

in most typical crust-deforming processes. The implications 

of this study, then, are that as long as F- is not suspected 

as a component in the metasomatizing fluid, rocks from most 

metamorphosed terranes can be relied on to give accurate Sm

Nd and Lu-Hf isotopic data for use in calculation of crust 

formation ages. 

INTRODUCTION 

The Sm-Nd and Lu-Hf isotopic systems are well suited to 

crustal evolution studies, as typical crust forming 

processes result in both measurable and fairly well under

stood divergences between source and product Sm/Nd and Lu/Hf 

ratios. Calculated model ages can be used to give the time 

at which that sample of crust separated from its mantle 

source. The Rb-Sr isotopic system has contributed greatly to 

studies of crustal evolution (eg. Moorbath, 1975) but in 

general there are often questions as to the validity of 

initial Sr ratios, given their proven susceptibility to 

post-crystallization disturbance (Fairbairn et al., 1961; 

Hart, 1964; Hanson and Gast, 1967). The Sm-Nd and Lu-Hf 

systems, on the other hand, are tacitly assumed to be 

insensitive to post-magmatic processes such as metamorphism, 

deformation, and hydrothermal alteration. Studies that test 
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this assumption are scarce (see Mcculloch and Black, 1984; 

Farmer and DePaolo, 1987), yet in cases where the original 

Sm/Nd or Lu/Hf ratio of a sample has been disturbed, 

isotopic analysis would yield erroneous initial ratios, 

making interpretation of model age data from such rocks 

meaningless. Even small shifts in the Sm/Nd or Lu/Hf ratio 

can result in significant € variations, given enough time 

(Rosing, 1990). The goal of this study is to document the 

degree of Rb-Sr, Sm-Nd and Lu-Hf isotopic mobility in 

typical continental crustal rocks during hydrothermal 

metamorphism that involved signivicant rock/fluid 

interaction, and in each case by fluids enriched in dif

ferent aqueous species (K, CI, and F). In choosing rock 

systems in which fluid volumes appear to have been 

significant, we maximize the possibility for isotopic 

disturbance, and by selecting systems involving fluids of 

different compositions in each case, we can construct a 

comprehensive picture of the relative behaviors of these 

isotopic systems under a range of secondary crustal proc

esses. 

GEOLOGICAL BACKGROUND AND SAMPLES 

Four criteria were considered in the selection of our 

test cases: 1) The rocks should be representative of 

typical upper continental crustal material (ie., 

granitoids); 2) both altered and unaltered samples should be 
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available in order to be able quantify the degree of 

isotopic disturbance; 3) pre-alteration rocks should be as 

homogeneous as possible in composition, to minimize isotopic 

variations due to original lithologic heterogeneity; and 4) 

the crystallization age of the affected rock should be dis

tinctly older than the alteration event, so as to maximize 

the visibility of potential isotopic and chemical 

disturbances. Three different samples suites were selected 

to study isotopic variation during hydrothermal alteration: 

1) K-metasomatized Tertiary rhyolitic tuffs, western 

Arizona; 2) hydrothermally altered Precambrian Oracle 

granite from the San Manuel porphyry copper deposit, south

eastern Arizona; and 3) hydrothermally altered wall rock and 

host rock from the Henderson porphyry molybdenum deposit, 

central Colorado. These three suites underwent hydrothermal 

alteration, by fluids with high acitivities of K+, Cl-, and 

F-, respectively. The sample suites meet all the above 

criteria except for the K-metasomatized volcanic rocks, 

which are close in age to the alteration event, and for 

which completely unaltered samples are not available. The 

geology of each locality is summarized below. Descriptions 

of the San Manuel and Henderson samples can be found in the 

Appendix. 

K-metasomatized Tertiary volcanic rocks, west-central AZ 

Tertiary extension in the southwestern united States 
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was accompanied by widespread K-metasomatism of Tertiary 

rocks (Chapin and Glazner, 1983). Glazner (1988) has shown 

that during K-metasomatism of Miocene volcanic rocks in 

California, the REE were generally immobile, while K, Rb, 

Sr, Ca and Na were mobile. His measured 87Sr/86Sr ratios 

indicate variable effects on the Sr isotopic composition of 

the K-metasomatized units. In the Aguila Ridge area of the 

Harcuvar Mountains, west-central Arizona, upper-plate mid

Tertiary volcanic rocks of the Bullard detachment fault were 

K-metasomatized during faulting, with K20/Na20 ratios 

elevated to 30 (Roddy et al., 1988). These authors 

concluded that K-metasomatism resulted from downward 

percolation of low temperature brines of neutral to alkaline 

chemistry. The absence of any metasomatic effects on the 

underlying Tertiary sedimentary and crystalline rocks seems 

to rule out the possibility of upward movement of altering 

fluids. The mid-Tertiary section of the upper plate includes 

a basal conglomerate, overlain by up to 40 m of felsic ash 

flow tuffs. We obtained four samples of a single variably K

metasomatized lower ash-flow tuff unit directly above the 

basal conglomerate from this area. A 0.024 Ga K-Ar age has 

been determined on this unit by Brooks and Marvin (1985). 

K20/Na20 ratios for these samples range from 3.1 to 30 

(Spencer and Ruiz, unpub. data), while for typical rhyolite 

compositions this ratio is less than 3 (Hyndman, 1985). 
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San Manuel porphyry copper deposit, southeastern Arizona 

Hydrothermal alteration and mineralization at the San 

Manuel deposit has been described in detail by Schwartz 

(1953), Creasey (1965), Thomas (1966), Lowell (1968), and 

Lowell and Guilbert (1970). The following summary was taken 

from their work. Mineralization and alteration at San 

Manuel was coincident with intrusion of a monzogranite stock 

ca 0.070 Ga ago (Livingston, 1973) into the 1.4 Ga Oracle 

granite (Shakel, 1977). Hydrothermal alteration was 

centered at the stock, radiating outward into the wall rock 

in concentric zones. Later displacement along the San 

Manuel fault has resulted in the present-day geometry (Fig. 

7). The alteration assemblages in both the intrusive 

complex and the host Oracle granite have been clearly 

defined. Four zones of alteration assemblages are 

identifiable outward from the core: 1) an innermost K

silicate or potassic zone that affects both the porphyry and 

the Oracle granite, characterized by the presence of second

ary K-feldspar and biotite, accompanied by calcite and 

sericite; 2) a phyllic or sericitic zone, in which the 

entire rock assemblage has been pervasively altered to 

quartz, sericite, and pyrite, with trace rutile, 3) a poorly 

developed phyllic-argillic zone, characterized by the 

alteration of plagioclase to kaolin or montmorillonite, and 

4) a propylitic zone, a large and diffuse outermost area 
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marked by variable sericitization of plagioclase and chlori

tization of biotite, but little or no effect on quartz and 

K-feldspar. 

There is no chronologic relationship implied in the 

above description of the alteration zoning seen at San 

Manuel. Fluid inclusion studies by Davis (1974) suggest 

early high temperature hydrothermal alteration by highly 

saline fluids (NaCI = 40-60 wt%) produced intense K-silicate 

and sericitic alteration at temperatures between 425-275° C, 

contemporaneous with major ore deposition. Abundances of F 

in the resultant mineral assemblages suggests F- may have 

been a significant component only of the early fluid phase. 

This initial alteration was followed by alteration at lower 

temperatures «275° C) by less saline fluids that resulted 

in a second stage of sericitization, accompanied by propyl

itization. Davis' detailed petrographic work provided evi

dence for the retrograde development of late stage 

overprinting of outer alteration zones onto the inner 

alteration zones near the end of the hydrothermal event. 

A Nd and Sr isotopic study of the hydrothermally 

altered Oracle granite at the San Manuel deposit by Farmer 

and DePaolo (1987) documented a sUbstantial effect on the Sr 

isotopic composition of the wall rock in all alteration 

zones, but only minimal changes in its Nd isotopic 

composition, confined to the potassically altered zones. 



52 

The intent of their study was to document direction of 

chemical transport through the use of Sr and Nd isotopes. 

Thus, the 5 to 10 grams of rock they used for analysis were 

carefully chipped from cut slabs of hand samples, in an 

effort to obtain only uniformly pervasively altered rock, 

avoiding any vein material. This study, on the other hand, 

focuses on the relative robustness of the isotopic systems 

of typical crustal rocks during worst-case scenarios of 

alteration. Therefore, bulk one to two kilogram rock 

samples were collected at each locality, crushed to pea 

size, then split into representative 10 gram portions for 

analysis. Sample selection undertaken in this manner should 

more accurately duplicate the type of altered sample suite 

that might be collected a highly deformed geologic area. 

Eleven variably altered Oracle Granite samples and one 

slightly altered monzogranite porphyry dike sample from the 

2615 level in the San Manuel Mine (KB90 series rocks, 

described in Appendix) were collected. The Oracle Granite 

suite from the mine includes samples from each of the four 

al~eration zones. Due to limited outcrop of the intrusive 

porphyry, only one sample of this unit was collected (KB90-

102), from a 1.5 meter wide dike approximately 20 meters 

from sample KB90-101. Two fresh Oracle Granite samples were 

collected from road-cuts along the Oracle highway approxi

mately 15 km southwest of the San Manuel Mine (Fig. 7). 
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Samples were analyzed for major and minor oxide elements and 

Sr, Nd and Hf isotopes. 

Henderson molybdenum deposit, central Colorado 

The geology and hydrothermal alteration at the Hender

son porphyry molybdenum deposit was studied extensively by 

Wallace et ale (1978); the following summary is taken from 

their work. Hydrothermal alteration and mineralization 

accompanied intrusion of a series of ca 0.027 Ga rhyolite 

stocks (Taylor et al., 1968; Naeser, 1973) into the 1.4 Ga 

Silver Plume granite (Peterman et al., 1968). Four major 

zones of pervasive rock alteration are identified; l)the 

potassium feldspar zone, where plagioclase is totally 

replaced by K-feldspar, 2) the quartz-sericite or phyllic 

zone, characterized by sericitization of feldspars and 

accompanied by abundant pyrite, 3) the argillic zone, where 

plagioclase has been often totally replaced by 

montmorillonite and kaolinite, biotite is generally replaced 

by sericite, and rutile, while K-feldspar is relatively, and 

quartz is completely, unaffected, and 4) the propylitic 

zone, characterized by the presence of chlorite as an 

alteration product from biotite, accompanied by epidote, 

calcite and sericite. Mineralization is hosted solely by 

the intrusive stocks. 

Fluid inclusion work by white et al., (1981) indicates 

peak temperatures during mineralization of 500 to 6500 C. 
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The hydrothermal fluid was dominated by F- (Munoz, 1980), in 

contrast to the San Manuel deposit, where for most of the 

alteration history, CI- dominated the altering fluid. The 

presence of fluorite (49 wt% F) and high F biotite (up to 

7.5 wt% F) in the porphyry stocks indicate an unusually high 

intrusive magma F- content (Gunow et al., 1980). Their 

study of hydrothermal F in micas of the porphyry stocks and 

the Silver Plume granite in the quartz-sericite zone showed 

steep HF activity gradients decreasing outward from the 

stock into the silver Plume granite wall rock. 

A Pb-O-S isotopic study of mineralization in climax 

type deposits by stein and Hannah (1985) documented outward 

movement of mineralizing fluids from the intrusive stocks 

into the Silver Plume granite wall rock at the Henderson 

deposit, and a dramatic effect on the Pb isotopic com

position of the wall rock due to hydrothermal alteration. 

We obtained the same suite of fresh to variably altered 

samples of both the Silver Plume granite and the Henderson 

complex porphyry stocks (HS series rocks described in Appen

dix) that were used in their study. This suite includes 

four samples of variably phyllically altered Silver Plume, 

and one sample of fresh Silver Plume granite from a quarry 

at Silver Plume, Colorado, approximately 12 km southeast of 

the Henderson mine. In addition, we analyzed a second fresh 

Silver Plume sample previously collected from the same 
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quarry. Intensity of alteration in the Silver Plume samples 

is categorized by the degree to which the feldspars are 

replaced with sericite and carbonate, and the condition of 

the micas in each sample. The intrusive stock is repres

ented by two fresh intrusive porphyry samples, two 

phyllically altered porphyry samples, and three potassically 

altered porphyry samples. Approximate sample locations are 

shown on Fig. 8. Samples were analyzed for Nd and Hf iso

topes. 

RESULTS 

Geochemical and isotopic data are presented in Tables 3 

through 6 and Figs. 9 through 15. Major and minor oxide 

data are presented only for the San Manuel rocks (Table 4). 

The K-metasomatized tuff unit samples and the Urad-Henderson 

samples have been analyzed for major and minor elements 

previously (Spencer and Ruiz, unpub. data; stein, 1985, 

respectively). The K-metasomatized tuff unit samples and 

the San Manuel samples were analyzed for Sr, Nd and Hf 

isotopes (Tables 3 and 5). The Urad-Henderson samples were 

analyzed only for Nd and Hf isotopes (Table 6); Stein (1985 

and unpub. data) previously analyzed the same samples for Sr 

isotopic composition. 

K-metasomatized Tertiary volcanic rocks 

The four altered tuff samples analyzed were chosen to 

span a large range of KlO/NalO ratios. Highest ratio appears 
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to correlate with the most severely K-metasomatized rocks 

(Brooks, 1986; Roddy et al., 1988; Glazner, 1988). The 

K20/Na20 ratios in the four samples analyzed range from 3.10 

to 29.52. 

Isotopic data are presented in Table 3 and Fig. 9. As 

has previously been shown by Glazner (1988), K-metasomatism 

has resulted in variable disturbances in the 87sr/86sr ratios 

of the volcanic samples (Fig. 9a). Calculated initial 

ratios vary by 0.005. In contrast, the Nd and Hf isotopic 

data are well-behaved (Table 3, Fig. 9b). Sm, Nd, Lu and Hf 

elemental concentrations are fairly constant. The Sm-Nd 

isotopic data show very little variation and plot on top of 

each other on an isochron diagram (Fig. 9b). The Lu-Hf 

isotopic data span a slightly greater range of values, but 

in general the Lu-Hf isotopic parameters have also remained 

undisturbed during metasomatism. 

San Manuel porphyry deposit 

Major and minor element data for the San Manuel samples 

are presented in Table 4 and Figs. 10 and 11. Evaluation of 

chemical changes due to hydrothermal alteration processes 

can be difficult due to lac]c of information about the 

composition of the original rock. The possibility of 

variations in elemental concentrations in the altered 

samples due to original igneous variation is considered in 

Fig. 10, a plot of AI 203/Ti02 vs. MgO. The data points 



Table 3. Sm-Nd,Lu-Hf and Rb-Sr isotopic data for K-metasomatized Tertiary volcanic rocks. 

Sm- Ncjo 143Ndf144Nd :r lu~ HI- 176HfltnHf Rb~ 

SAMPlE (ppm) (ppm) 147Sm/I44Nd* measured ~2a E(Nd) (ppm) (ppm) t76LuJtnH~ massured±2a £{HI)T (ppm) 

A3 4.69 27.21 0.1042 0.5125OB"7 ·2.3 0.32 8.12 0.00565 0.282~18 -1.1 121.8 
A9 5.43 30.32 0.1083 0.51249B"S ·2.5 0.42 6.36 0.00926 0.2827!j4j39 -1.6 113.1 
A30 4.93 27.64 0.1078 0.51249¥7 -2.5 0.42 6.67 0.00897 0.2B2697~1 ·3.6 48.5 
A39 6.74 39.75 0.1025 0.512490±6 -2.6 0.49 7.85 0.00885 0.28271 B"15 -2.8 86.5 

*2aerrors for Sm. Nd. Sr. and Hf concentrations ar.d 147Sm1144Nd are < 0.5%. 
t2a errors for Rb and Lu concentrations and 176Lu/177Hf and 87RbJE!6Sr are < 1.0%. 

Sr-
(ppm) 87RbJ1!6Sr~ 

21.1 16.695 
32.7 10.022 
20.5 6.8585 
75.6 3.3144 

17SrJl!6Sr 
massured ± 2a 
0.71705>2 
0.7161~1 
0.71~ 
0.71~1 

U1 
OJ 
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Figure 9a. Rb-Sr isochron plot of K-metasomatized Tertiary 
volcanic rocks. Note the scattering of data points. 
9b. Sm-Nd and Lu-Hf isochron plot of K-metasomatized 
Tertiary volcanic rocks, showing negligible disturbance 
during metasomatism. Errors for f76Hf/177Hf are smaller than 
the sample circles. 



TABLE 4. Abundances of major elements (weight % oxides) for Oracle granite samples from the San Manuel deposit. 

SAMPLE KB90-111 KB9O-110 KB9O-109 KB9O-108 KB9(H07 KB9()'106 KB9O-105 KB9O-1008 KB9O-100A KB9().103 

ALlERATION FRESH PROPYLITIC PHYlUC-PHYllICIARGIWC 

·SiOz 66.80 68.00 67.80 66.00 65.90 65.60 66.30 70.20 65.40 67.80 

TlO:z 0.70 0.76 0.75 0.99 0.83 0.86 0.89 0.72 0.85 0.99 

AlA 15.50 14.30 14.90 14.20 12.90 13.40 13.40 13.20 13.60 13.20 

FaA 5.19 4.79 4.65 5.96 5.03 5.59 5.95 3.86 5.83 3.86 

M10 0.05 0.11 0.12 0.13 0.14 0.11 0.01 0.01 0.01 0.01 

WgO 1.05 1.14 1.12 1.47 1.19 1.35 1.48 0.63 1.27 1.05 

00 2.20 2.65 2.43 2.94 3.03 2.40 1.18 0.77 1.33 1.56 

Na.,P 3.06 3.01 3.22 3.23 2.64 2.97 1.31 0.35 2.41 2.53 

KeO 5.65 4.23 4.65 3.S8 2.58 4.15 4.49 5.20 4.75 5.29 

PA 0.35 0.22 0.19 0.30 0.25 0.39 0.32 0.10 0.23 0.23 

S 0.09 0.11 0.09 0.07 0.11 0.05 1.54 3.40 1.41 1.59 

LOI 0.59 0.63 0.63 1.40 2.58 2.64 3.51 3.22 2.33 2.03 

TOTAlS 101.23 99.95 100.55 100.07 97.18 99.51 99.98 101.66 99.42 100.14 

LOI = weight percent Joss on ignition at 11000 C 

KB9O-101A KB9Q.101 
POTASSIC 

63.90 69.00 
0.65 0.97 

15.40 13.50 
5.31 4.16 
0.02 0.01 
2.54 0.99 
2.28 1.12 
4.58 1.77 
2.88 5.26 
0.19 0.27 
0.11 3.63 
1.54 2.98 

99.40 103.76 

KB9O-104 

66.00 
0.92 

13.60 
5.79 
0.01 
1.23 
1.33 
1.86 
4.29 
0.27 
2.39 
3.35 

101.04 

CJ\ 
a 
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Figure 10. Plot of AI20J/Tio2 vs. MgO for Oracle granite 
samples. Fresh samples (filled circles) include data from 
Anderson, 1985 and the two fresh Oracle granite samples from 
this study. Open triangles are altered Oracle granite from 
this study. AI20J/Ti02 is chosen as the Y parameter because 
these two oxides are generally least mobile during most 
metasomatic events, thus as a ratio should indicate extent 
of original igneous variation in the suite of altered 
samples. The altered samples all have low AI~OJ/Tio2 ratios 
on this plot, representing only approximately 35% of the 
total spread along the Y axis seen for the fresh samples. 
Therefore the selection of fresh Oracle granite samples 
KB89-110 and KB89-111, both with low constant AI20J/Tio2 
ratios, as unaltered equivalents for evaluation of 
metasomatic changes in the altered samples from the San 
Manuel mine is appropriate. 
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include analyses of unaltered Oracle granite compiled from 

the literature. The rationale for choosing the AI 20J/Tio2 

ratio as one parameter is that these two oxides during 

metasomatism are ususally the least mobile. Thus, although 

the absolute abundances of these two oxides may change with 

alteration due to volume losses or gains, their ratios 

should remain relatively constant. When plotted against 

MgO, the Al 20J/Ti02 ratio for the unaltered samples shows a 

fairly narrow variation. The altered samples all plot at 

relatively low AI 20J/Tio2 values, close to the two unaltered 

samples from this study, KB89-110 and 111. The use of these 

two samples as unaltered equivalents in assessing the 

chemical changes in the Oracle granite during alteration 

seems to be appropriate. 

The altered Oracle granite samples have been evaluated 

for changes in concentration after Gresen, 1966, and Grant, 

1986. Based on Al20J immobility during alteration, the 

change in concentration of each oxide or element is calcu

lated according to the following equation: 

MJ = «C,m,,/C,m,,) *CJ,,-CJ,,)M, 

where C,m" and C'm" are the concentrations of some immobile 

element (assumed to be AI20J ) before and after alteration, 

respectively, and CJ" and CJ,I are the concentrations of the 

element of interest. 

If M, = 100 gm, then all CJ' sand MJ/M, are in wt%, and if M, 
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= 1 gm, then all C,'s are in ppm. 

The changes in wt% with alteration are shown for 

selected elements in Fig. 11. The order of samples in Fig. 

11, from fresh to potassic, is the same as in Tables 4 and 

5. No dramatic changes in any element are seen throughout 

the alteration zones. In a broad way, the largest changes 

in wt% are seen in the most pervasively altered samples, 

those from the phyllic and potassic zones. Our results 

agree for the most part with Davis' (1974) results from a 

detailed analysis of the Oracle granite through the 

alteration zones that included 57 samples. Sio2 is 

generally unaffected or only slightly enriched, Tio2 and MgO 

are enriched in the phyllic and potassic zones, and probably 

attest to the presence of secondary biotite in the altered 

Oracle granite, but K20 shows both random gains and losses, 

through all the alteration zones. CaO and NaO are depleted 

overall through the phyllic and potassic zones. Fe20J is 

variable but generally enriched throughout the alteration 

sequence. The samples that show greatest disturbance in 

Fe20J also show great variability in S (Fig. 11), 

corroborating the presence mineralogically of variable 

abundances of pyrite in those samples. P205 is surprisingly 

noisy throughout the sample suite. Mineralogically, the 

variable amounts of recrystallized apatite in the samples 

may reflect the fluctuations in ~05 abundance. 
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Figure 11. wt % change of selected oxides and elements for 
the Oracle granite samples from San Manuel relative to the 
average for the 2 unaltered samples, KB90-110 and 111. wt% 
changes are calculated after Grant (1986), assuming A1 20J 

immobility. Samples are arranged left to right according to 
type of alteration. Order of samples same as in Tables 4 
and 5. 
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concentration and isotopic data are given in Table 5 

and Figs. 12 and 13. Plotted in Fig. 12 are the % changes 

in Rb, sr, Sm, Nd, Lu and Hf concentrations, relative to the 

average values for the two unaltered samples, again assuming 

A1 20J immobility. The length of the line connecting Rb and 

Sr, Sm and Nd, and Lu and Hf values for each sample are an 

indication of the variation in Rb/Sr, Sm/Nd and Lu/Hf 

ratios, respectively. Rb and Sr exhibit an overall trend of 

depletion with increasing alteratiori. Rb/Sr ratios vary 

randomly throughout. As expected for the REE, the Lu, Sm 

and Nd concentration patterns generally mimic each other. 

The patterns show a peak through the phyllic and potassic 

zones. Overall, Hf concentrations vary by roughly the same 

order of magnitude as Sm and Nd. The Sm/Nd ratios vary 

little, as indicated by the relatively constant distance 

between the Sm and Nd data points for each sample. This is 

also true for the Lu/Hf ratios for most of the samples, but 

two samples from the phyllic/argillic and one from the 

potassic zone exhibit relatively high Lu/Hf ratios. 

Overall, no systematic changes with alteration are 

detectable from this diagram. 

The isotopic data are presented on conventional iso

chron diagrams. On each plot a 1.4 Ga reference isochron is 

shown for comparison of the variability of the data. The 

two fresh Oracle granite samples plot close to the Rb-Sr 



Table 5. Sm-Nd, Lu-Hf and Rb-Sr data for San Manuel samples. 

Sm· Nd- 143NdJ1"Nd Lu~ 

SAMPlE JlL1EfYillO'P (epm) (PE!!!) U7SmJ1"Nd. maasured±2a E(Nd}T (ppm) 

ORACLE GRANITE (1.4 Gal 
KB9O-110 IfESi 9.38 44.09 0.1286 0.512017±9 0.1 0.67 
KB9O-111 IfESi 10.15 47.56 0.1290 0.512014±8 .(J.l 0.75 
KB9O-111 IfESi 10.35 49.32 0.1268 0.511997± 12 .(J.4 
KB9O-109 YEN<fRPt'l. 9.90 45.26 0.1322 0.512091±7 0.9 0.97 
KB9O-108 Ffa"It. 9.58 46.39 0.1248 0.512OO1±5 0.5 0.83 
KB9O-107 Ffa"It. 9.48 44.60 0.1285 0.512007±6 .(J.l 0.8 
KB9O-106 AiflllllGl.. 8.40 40.10 0.1266 0.512025: 12 0.6 0.73 
KB9O-108 AiflllPRlll. 8.11 38.38 0.12n 0.512036=6 0.6 
KB9O-105 RM.l. 9.49 43.01 0.1335 0.512066±6 0.2 1.02 
KB9O-100B RM.l. 10.97 55.56 0.1194 0.51195~5 0.5 0.86 
KB9O-100A STR::tGRM. 14.37 83.22 0.1374 0.512125:6 0.6 1.54 
KB9O-103 VB!KK 10.34 47.33 0.1321 0.51207B±9 0.7 0.95 
KB9O-101A Y-EW(K 12.17 60.38 0.1219 0.512037:6 1.7 1.07 
KB9O-101 K 10.04 46.SO 0.1252 0.512093±7 2.2 
KB9O-104 STR::tGK 9.89 47.86 0.1249 0.512043±6 1.3 0.86 
KB9O-104 S1R:NiK 0.81 
DACITE PORPHYRY DIKE (0.07 Gal 
KB9O-102 4.08 22.95 0.1075 0.51229B±7 -5.8 0.13 

~ROPYl- propyIitlc; PHYU. .. phyIllc; ARGILl ~ argillic; K = potassic 
*2aerrors for Sm, Nd. Sr. and HI c:oncentralions and 147Smtl44Nd are < 0.5%. 
t2a errors for Rb and lu concentrations and 176t..ul1nHf and 87Rb'BSsr are < 1.0%' 

HI- 176fiflt77Hf T Rb~ 
(ppml '76t.uJ1n Hft measured ± 2a E(HI) (ppm) 

6.58 0.01441 0.282446± 16 5.4 109.8 
6.62 0.01611 0.28252O± 26 6.6 215.6 

10.67 0.01290 0.282492± 27 8.7 87.3 
7.71 0.01516 0.282~21 5.2 125.5 
7.59 0.01492 0.2825Cl3j; 17 7.2 89.5 
8.54 0.01210 0.282536± 13 11.1 84.1 

6.10 0.02376 0.262761± 23 7.7 69.2 
7.06 0.01725 0.282544± 14 6.3 56.3 
8.40 0.02606 0.282799± 19 6.8 85.4 
8.54 0.01569 0.282540: 33 7.7 38.7 
6.03 0.02520 0.262731±45 5.2 

8.09 0.01548 0.282507: 21 6.7 112.7 
8.19 0.01396 0.282480: 32 7.3 

3.58 0.004B6 0.282555± 46 -7.6 26.3 

Sre 
(Ef!!!) 

a7~~ 

128.4 0.9049 
153.6 1.2061 

156.0 1.6253 
87.6 4.1699 

128.5 2.0257 
51.5 4.7475 

83.2 2.4190 
85.1 1.9196 
56.9 4.3572 
116.2 0.9657 

SO.7 6.4600 

509.4 0.1494 

a7Sr,&sr 
measumd ± 2IJ 

0.785503± 12 
0.768968± 11 

0.751438±2O 
o.n1617:10 
0.757761: 11 
0.75541~11 

0.754204± 11 
0.73926O± 10 
0.753124±5 
0.72B936± 10 

0.744216= 12 

0.707100± 10 

Cl\ 
Cl\ 
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Figure 12. variation of Rb, Sr, Sm, Nd, Lu and Hf for the 
Oracle granite samples with alteration, expressed as % 
change relative to the concentration in ppm of average 
unaltered rock, assuming A1 20J immobility, calculated as for 
Fig. 11. Order of samples same as in Tables 4 and 5. 
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Figure 13. Isochron plots of Oracle granite and intrusive 
porphyry samples. Oracle granite: filled circles are fresh, 
filled triangles are propylitic alteration, filled squares 
are phyllic and phyllic/argillic alteration, filled diamonds 
are potassic alteration. Intrusive porphyry: cross is 
sample from this study, open squares are from Farmer and 
DePaolo (1987). The 1.4 Ga isochron is for reference only. 
13a. Rb-Sr isochron plot. Shaded area represents analyses 
from Keith et al., 1980. Note the scattering of the Oracle 
granite samples, mostly toward less radiogenic Sr composi
tions. 
13b. Sm-Nd isochron plot. Note the consistency of most of 
the Oracle granite samples with the 1.4 Ga reference 
isochron. 
13c. Lu-Hf isochron plot. Most of the Oracle granite 
samples plot on the reference isochron, indicating little 
disturbance during metasomatism. 



reference isochron (Fig. 13a), and are also in good 

agreement with values for Oracle granite from Keith et ale 

(1980). The altered samples show variable scatter, with 
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most plotting at lower 87Sr/86sr ratios. Our single analysis 

of the porphyry (cross on Fig. 13a) agrees well with data 

from Farmer and DePaolo (1987) for the intrusive porphyry 

(open squares Oll Fig. 13a). 

The Sm-Ndl and Lu-Hf isotopic data show only limited 

disturbance on isochron diagrams (Figs. 13b, c). Except for 

three of the potassically altered samples, the Oracle 

granite samples plot on top of each other and on the 

reference isochron on the Sm-Nd diagram (Fig. 13b). Three 

potassic samples plot slightly off the isochron and in the 

direction of the porphyry samples. Our Sm-Nd isotopic data 

for the porphyry sample agree well with results from Farmer 

and DePaolo (1987). 

Most of the Oracle granite samples also plot close to 

each other or to the reference isochron on the Lu-Hf plot 

(Fig. 13c). Although three samples have significantly 

higher 176Lu/177Hf ratios, their isotopic ratios are 

correlated, and they plot close to the reference isochron. 

Two samples plot well off the reference isochron, KB90-106, 

from the phyllic zone, and KB90-109, from the propylitic 

zone. They both plot in the direction of the single 

porphyry sample, toward lower 176Lu/177Hf ratios. 
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Henderson porphyry deposit 

Nd and Hf isotopic data for the Urad-Henderson porphyry 

and the Silver Plume granite host rock samples are presented 

in Table 6 and Figs. 14 and 15. Concentrations are quite 

low in all Henderson complex samples. Nd isotopic composi

tions of these samples vary little. Fresh and altered 

samples yield €(Nd)T values within analytical error of each 

other. The €(HI)T values are more variable for the altered 

samples, ranging to less radiogenic values for the 

potassically altered samples. The fresh Silver Plume 

granite samples (P202, HS82-53, and HS82-56) contain 

extremely high abundances of Sm, Nd, and Hf (Table 6), even 

compared to other ca 1.4 Ga granitoids, and are nearly 

identical in their Nd and Hf isotopic compositions. The 

concentrations are within 10% of each other, €(Nd)T values 

vary within analytical error from -3.4 to -3.8 and €(ttI)T 

values from 1.2 to 3.6 (Table 6, Figs. 14b, 15b). They are 

also quite similar in their major and minor element 

geochemistry (stein, 1985). Samples P202 and HS82-53 are 

collected from the same locality, approximately 15.5 km 

southeast of the Henderson mine, while sample HS82-56 is 

from drill core from the Henderson mine. The Silver Plume 

granite thus seems to be of a relatively homogeneous 

composition over this area. In addition to abundant acces

sory fluorite, apatite, and zircon, the fresh Silver Plume 



Table 6. Sm-Nd and Lu-Hf isotopic data for Silver Plume granite and Henderson complex samples. 

Sm' Nd' 143Ndll44Ndl C(Nd)T Lut Hfo 176Hy177Hf' 
SAMPLE ALTERATION (ppm) (ppm) 147Sm/'44Nd· measured:t2cr (ppm) (ppm) 176Lul1nHrt measured±2cr 

Silver Plume granite (1.4 Ga) 

P-202 unaltered 23.07 174.62 0.07983 0.511370±S -3.8 0.23 15.76 0.001897 0.282043±39 
HS82-53 unaltered 25.31 194.34 0.07871 0.511380±8 -3.4 0.22 15.92 0.001916 0.2819n±15 
HS82-56 weak phyllic 23.98 183.99 0.07876 0.51135a±s -3.8 0.16 15.43 0.001493 0.282000±33 
HS82-57 strong phyllic 15.47 108.53 0.08613 0.511436=t6 -3.6 0.24 10.68 0.003324 0.282019±24 
HS82-15 strong phyllic 10.58 64.98 0.09847 0.5115n±7 -3.6 0.11 6.01 0.002487 0.282081±26 
HS82-58 extreme phyllic 7.07 43.17 0.09901 0.511577±6 -3.2 0.14 4.87 0.003994 0.282018%43 
Urad-Henderson complex (0.027 Ga) 

HS82-60 unaltered 1.22 7.92 0.09301 0.51215o±7 -9.2 0.60 5.04 0.01693 0.282636±25 
HS82-14 unaltered 2.69 15.86 0.10261 0.512113±7 -9.9 0.57 5.37 0.01508 0.282639±31 
HS82-59 weak Iy altered 4.18 23.72 0.10654 0.51209a±9 -102 
HS82-62 phyllic 1.50 10.60 0.08831 0.51214S±7 -9.3 
HS82-43 potassic 1.05 6.67 0.09489 0.5121so±7 -9.2 0.64 4.01 0.02255 0.282562=1:33 
HS82-9 potassic 0.47 3.33 0.08598 0.51218a±7 -5.2 0.64 3.93 0.02307 0.282657±40 
HS82-61 potassic 1.00 7.06 0.08578 0.512182±6 -8.5 0.56 5.57 0.01426 0282493±16 

*2aerrors for Sm, Nd, Sr, and Hf concentrations and 147Sml144Nd are < 0.5%. 
t2cr errors for Rb and lu concentrations and 176l..uJ1nHf and 87Rbt86Sr are < 1.00k. 
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Figure l4a. Plot of Nd (ppm) vs. 1.7Sm/'HNd ratio for samples 
from the Henderson deposit. Filled circles are fresh Silver 
Plume granite, open circles are variably phyllically altered 
Silver Plume. Crosses represent the Henderson intrusive 
complex samples. with increasing alteration, the Silver 
Plume samples show a 4-fold decrease in Nd concentrations 
and a 25% increase in IHSm/'HNd ratio. No consistent 
variations are seen in the intrusive Henderson complex 
samples. 
l4b. Plot of initial €Nd values vs. Nd (ppm) for the 
Henderson deposit samples. Symbols as in Fig. l4a. Note 
that, although with increasing alteration, Nd concentrations 
of the Silver Plume drop dramatically, initial €~ values 
remain within error of the values for the fresh samples. 
The Henderson complex samples show a narrow range of €Nd 

values. 
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Figure 15a. Plot of Hf (ppm) vs. 176Lu/177Hf ratio for the 
Henderson deposit samples. Symbols as in Fig. 14. The Hf 
concentrations for the altered Silver Plume sample have 
decreased up to 4-fold, and '76Lu/177Hf ratios have increased 
by up to 110%. 
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15b. Plot of initial €Hf values vs. Hf (ppm) for the 
Henderson deposit samples. Even though Hf concentrations of 
the Silver Plume samples have progressively dropped with 
alteration, the initial €III values of the altered samples are 
only slightly outside of the analytical error range of the 
fresh samples. 
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granite consists of 15-20% biotite and primary muscovite. 

Mineralogically, the alteration of the Silver Plume 

samples in this study involved variable degrees of replace

ment of the feldspars by sericite and carbonate and of 

biotite by sericite, chlorite and carbonate (stein, 1985). 

Zircon, apatite and fluorite are identifiable in all three 

altered samnples. The three variably altered samples show a 

dramatic and progressive variation in their isotopic parame

ters. Sm, Nd and Hf concentrations decrease by nearly a 

factor of four and Lu by a factor of 1.5 in the most 

severely altered sample. '47Sm/'HNd and '76Lu/ 177Hf ratios 

increase correspondingly, by factors of 1.2 and 2.1, 

respectively (Table 6, Figs. 14a and 15a). Surprisingly, 

initial '4JNd/ 'HNd and '76Hf/177Hf ratios exhibit little varia

tion with alteration. €(Nd)T and €(lIf)T values for the three 

altered samples are nearly within analytical error of the 

range of values from the fresh samples (Figs. 14b, 15b). 

DISCUSSION 

The chemical gains or losses in a rock system due to 

metasomatic activity are dependent on a number of factors 

(Alderton et al., 1980): 1) the original composition of the 

pre-alteration rock, 2) the nature of the altering fluid, 3) 

the stability of mineral phases in the altering fluid, 4) 

the affinity of secondary mineral assemblages for the 

chemical components liberated during alteration, 5) the 
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ability of the altering fluid to complex and transport 

chemical components out of the system. We can measure the 

post-alteration composition of the system, and with care we 

can establish a good estimate of the pre-alteration 

composition. The path taken between these two states is 

poorly understood. Fluid inclusion data and stable isotope 

studies can yield information about the composition and 

pressure and temperature conditions of the altering fluid 

(criss and Taylor, 1986; Ohmoto, 1986). Much experimental 

work has been applied to phase stability in mineralization 

environments (see Barnes, 1979; Beane, 1982, for reviews). 

But the response of trace elements to a metasomatic event is 

especially difficult to monitor, as relatively little is 

known about their affinities for different mineral phases, 

and less is understood about their behavior as fluid

transported complexes. 

Rb-Sr systematics 

K-metasomatized Tertiary volcanic rocks 

As has been documented previously, the Rb-Sr isotopic 

system is easily disturbed during secondary crustal 

processes (Fairbairn et al., 1961; Hart, 1964: Hanson and 

Gast, 1967; Farmer and DePaolo, 1987). The metasomatizing 

K-rich fluids involved in alteration of the Tertiary 

volcanic rocks in this study resulted in conversion of the 

rock mineralogy to a K-feldspar, hematite, and quartz 
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assemblage (Roddy et al., 1988). Rb and Sr reside mainly in 

the feldspars and micas in felsic rocks (Hanson, 1978). As 

representative of a single small cooling unit, the samples 

would be expected to yield initial 87Sr/8fiSr ratios with very 

little variation. The wide range of initial 87sr/8fisr ratios 

for the K-metasomatized samples attests to the mobility of 

Rb and/or Sr in the K-rich fluids. 

San Manuel porphyry deposit 

The Rb-Sr systematics of the Oracle granite were also highly 

disturbed during metasomatism. I attribute these dis

turbances to much the same factors as did Farmer and DePaolo 

(1987). The overall leaching of Rb and Sr from the Oracle 

granite (Fig. 12) with increasing alteration can be linked 

to the breakdown of micas and the progressive destruction of 

feldspars by sericitization, combined with either a 

relatively lesser affinity of the resulting sericite for 

these elements or strong Rb and Sr complexing by the 

altering fluid. Although secondary K-feldspar is stable in 

the potassically-altered samples, this is not reflected by 

an increase in the abundance of Rb and Sr in this zone. 

This may simply be due to a lack of availability of Rb and 

Sr in that metasomatizing fluid. The variable decrease in 

the 87Sr/8fisr ratio of the altered samples can be attributed 

to addition or exchange with Sr with a distinctly lower 

87sr/8fiSr ratio, derived possibly from the porphyry. 



Sm-Nd and Lu-Hr Systematics 

K-metasomatized Tertiary volcanic rocks 
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The Sm-Nd and Lu-Hf systems of the K-metasomatized 

volcanic rocks are essentially unaffected by the alteration 

(Fig. 9b). REE and Hf immobility has been demonstrated 

before during this type of alteration (Krebs and Ruiz, 1987, 

Glazner, 1988). These trace elements in felsic rocks tend 

to be concentrated in the accessory phases such as titanite, 

zircon, apatite and allanite (Exley, 1980; Gromet and 

Silver, 1983). Results from our study show that in addition 

to lack of enrichment or depletion of these elements during 

the K-metasomatism, neither was there any exchange with Nd 

or Hf with a distinctly different isotopic signature. 

Alkaline solutions tend to inhibit the formation and 

stability of REE complexes (Bandurkin, 1961). Therefore, 

the neutral to alkaline nature and low temperatures of the 

metasomatizing fluids would generally not destabilize the 

trace phases listed above, and in addition would tend to 

preclude transport of REE and Hf as stable aqueous com

plexes. 

San Manuel porphyry deposit 

Nd and Hf systematics are more complex for the Oracle 

granite samples. Unlike Rb and Sr, the variations in 

abundances of sm, Nd, Lu and Hf are not consistent (Fig. 

12). A strong peak in REE abundances through the most 
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severely phyllically altered samples into the potassic zone 

is not obviously linked to any major or minor element 

variations. Mineralogically, the samples in these zones are 

characterized by 1-2% large granular masses of anhedral 

apatite. The anhedral apatite seems to be secondary, as it 

occurs simultaneously with the smaller euhedral apatite 

grains that are distributed through the unaltered samples, 

and are apparently igneous apatite. Davis (1974) has 

postulated elevated abundances of F- in the early aqueous 

phase at San Manuel, based on detection of higher F 

abundances in the potassic alteration assemblage. He has 

identified, mineralogically, apatite in the phyllic and 

potassic zones to support his suggestion. The REE may have 

been mobilized over short distances in the Oracle granite 

early in the alteration process in the form of fluoro

complexes, when for very transitory and short-lived periods 

of time F- was a major element in the fluid phase. But in 

general, F- is not a significant component in the aqueous 

phase in porphyry copper systems, due in part to its 

stability in hydrous minerals as a sUbstitute for OH- (eg. 

apatite) (Burnham, 1977). We suggest that secondary 

apatite, which acted as a sink for F- and Ca during 

development of the early potassic and phyllic alteration 

assemblages, also provided an avenue to take up the REE that 

had been moving as fluoro-complexes. REE patterns for 
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apatite in granitoids vary greatly (Exley, 1980; Futa, 1981; 

Gromet and Silver, 1983) but both LREE and HREE enrichment 

is seen. 

The REE mobility during alteration in these samples 

could not have been on a large scale, though, and did not 

serve to introduce any analytically identifiable volumes of 

isotopically distinct Nd or Hf into the Oracle granite, as 
• 

evidenced by the general lack of disturbance of the Nd and 

Hf isotopic systems (Fig. 13b,c). This lack of disturbance 

is due to some combination of the following two factors; 1) 

stability of those mineral phases that contain the bulk of 

the REE and Hf, and 2) the inability of the fluid to complex 

and transport those trace elements. Only three of the 

potassically-altered samples (KB90-104, 101 and lOlA) plot. 

just slightly off the Sm-Nd reference isochron, in the 

direction of the intrusive porphyry composition. These 

potassically-altered samples appear to record movement of 

porphyry-derived Sm and Nd into the wall rock, as was also 

shown by Farmer and DePaolo (1987). 

As pointed out above, most of the Lu-Hf analyses also 

plot on or close to the reference isochron (Fig. 13c). 

Interestingly, the samples that plot off the Lu-Hf reference 

isochron are not the same three potassically-altered samples 

that plot off the Sm-Nd reference isochron. Samples KB90-

109 and 106, propylitically and phyllically altered, 
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respectively, plot off the isochron with slightly lower 

176Lu/177Hf ratios, like the Sm-Nd results, also in the direc

tion of the intrusive porphyry sample. Except for their 

anomalously low Lu/Hf ratios, little else distinguishes 

these two samples, either mineralogically or chemically, 

from other samples that consist of a similar alteration 

assemblage, and no explanation is offered for the isotopic 

disturbance. 

Urad-Henderson molybdenum deposit 

Three possible explanations can account for the up to 

4-fold decrease in Sm, Nd, Lu and Hf concentrations, the up 

to 110% increase in 147Sm/1HNd and 176Lu/177Hf ratios, and the 

limited variance in 14JNd/1HNd and 176Hf/ 177Hf ratios of the 

altered Silver Plume samples: 1) original igneous variation 

in the Silver Plume granite, 2) immense volume increases in 

the alteration zone, reulting in dilution of the trace 

element concentrations, or 3) REE and trace element 

mobilization during alteration. 

We do not believe the variations in concentration and 

isotopic parameters are due to igneous variation in the 

Silver Plume granite. First, the three unaltered samples 

indicate a rather homogeneous nature for the granite, and 

second, coincidence is too far-fetched an explanation for 

the progressively larger increases in Sm/Nd and Lu/Hf 

ratios, and accompanying progressively larger increases in 



Nd and Hf isotopic ratios, with increasing intensity of 

alteration. 
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The lowering of the concentration values could be due 

in part to dilution by addition of minerals such as quartz, 

carbonate or K-feldspar (minerals with low REE concentra

tions) to the Silver Plume during hydrothermal alteration. 

While we recognize that this process could have lowered the 

Sm, Nd, Lu and Hf concentrations, we reject this as the 

entire explanation for two reasons. First, to explain the 

4-fold decrease in Nd concentrations in sample HS82-58, the 

rock volume would have to been increased by 400%, solely by 

the addition of material with negligible REE and Hf 

abundances. The only plausible candidate is some 

combination of quartz, magnetite, K-feldspar and carbonate 

flooding. The major and minor element geochemistry of the 

altered samples (Stein, 1985) does not vary from the fresh 

Silver Plume samples to the degree which would be expected 

by the introduction of four times the original rock volume 

in the form of only Si02 , CaO and K20. Second, an explana

tion for the lowering of the trace element concentrations by 

dilution does not explain the change in the Sm/Nd and Lu/Hf 

ratios. Simple dilution would change the absolute 

abundances but would have no effect on the elemental or 

isotopic ratios of these elements. Instead, we see that the 

Sm/Nd ratio has increased by 25%, and the Lu/Hf ratio by 
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110%. So although dilution by addition of REE- and Hf-poor 

material to the altered zone may explain some of the overall 

lowering of trace element abundances, it is not corroborated 

by the major element geochemistry, and cannot explain the 

change in Sm/Nd and Lu/Hf ratios. 

The high activity of F- in the hydrothermal fluid, 

which was documented by Gunow et al., (1980) in their study 

of F- in micas from the Henderson deposit, may in large part 

responsible for the removal of the REE and Hf from the 

Silver Plume rock system. Taylor and Fryer (1983) have 

shown the importance of F- complexing in the transport of 

the REE elements. The affinity of Hf for F- complexes is 

well-known from analytical chemistry (Faris, 1960; 

Goldstein, 1964). In addition, Zr and Ti are also known to 

be easily complexed by F-, and in the most altered Silver 

Plume sample, the abundances of these two elements have 

dropped by factors of 3.2 and 3.8, respectively, relative to 

fresh Silver Plume (stein, 1985), roughly equivalent to the 

drop in Hf abundance. 

A puzzling aspect of the REE and Hf mobility in the 

altered Silver Plume granite is the limited disturbance of 

the initial ENd and EHf values (Figs. 14b and 15b). Both the 

1.7Sm/l··Nd and 176Lu/t77Hf ratios in the altered samples are 

elevated over the values for the fresh samples, but the 

I·JNd/I··Nd and 176Hf/ t77Hf ratios are correlated so that the 
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calculated initial € values do not vary significantly from 

the values for the fresh samples. Two conclusions are: 1) 

Obviously there was no exchange in the altered Silver Plume 

granite samples with fluid transporting Nd or Hf of a 

distinctly different isotopic composition, and 2) the Sm, 

Nd, Lu and Hf must have been liberated nonpreferentially 

from one or more mineral phases, that is, in the ratios in 

which they were originally present in those minerals. These 

two factors combined would allow the altered samples to have 

simply slid up the 1.4 Ga isochron that passes through the 

unaltered samples, in the direction of higher isotopic 

ratios. 

A whole rock sample is composed of a suite of minerals, 

each of which has measurable but very likely different 

isotopic parameters. This is because different mineral 

phases have varying affinities for the REE, Hf and other 

trace elements. The calculated initial ratio for each 

mineral, and for the whole rock sample, will be the same, as 

long as there has been no isotopic exchange between minerals 

since the time of crystallization of the rock. A plot of 

the isotopic compositions of each phase of the rock on an 

isochron diagram would form a line that would define the age 

of the rock. 

The mineralogy of the unaltered Silver Plume samples 

consists of quartz, feldspars, biotite, muscovite, and 
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accessory fluorite, apatite and zircon. Accessory phases 

such as titanite, allanite, apatite and zircon often carry 

most of the REE budget in granitoids (Gromet and silver, 

1983), but the Silver Plume granite has exceptionally high 

REE and Hf contents overall and steep LREE-enriched patterns 

(Fountain, et al., 1983; this study). Zircon, with high 

HREE distribution coefficients, may account for much of the 

HREE budget in the rock. Most data show that apatite LREE 

to HREE contents are only slightly variable, and it is 

generally not strongly LREE enriched. Fluorite may contain 

large quantities of the REE also, (Fleischer, 1969; Taylor 

and Fryer, 1983), but available data do not indicate a 

strong LREE/HREE enrichment. Thus, an unusually large 

portion of the LREE may reside elsewhere in the rock. 

Very little information is available regarding Hf dis

tribution coefficients of granitic mineral phases, but 

estimates of mostly mafic phenocryst/groundmass distribution 

coefficients for Hf (Fujimaki et al., 1984) show that the Hf 

partition coefficients are similar to the Nd coefficients. 

Zircon, of course, is certainly an important reservoir of Hf 

in any zircon-bearing rock. Although zircon has high REE 

distribution coeffiecients, the absolute quantities of REE 

in zircon are usually neglible proportions of the whole-rock 

REE budget. Using Lu-Hf concentration data on zircon 

separated from sample P-202 (Patchett et al., 1981) and the 



I· 

85 

average Zr concentration of the unaltered Silver Plume 

samples (Stein, 1985), calculations show that if all the Zr 

in the rock were concentrated in zircon, this would only 

account for approximately 12.5 of the average 15.4 to 15.9 

ppm Hf in the fresh samples. Since it is unlikely all the 

Zr budget of the rock is in zircon, this is a maximum 

estimate. The excess Hf must be distributed elsewhere in 

the rock, potentially in the same sites as the LREE. 

Muscovite and biotite, abundant minor phases in the 

Silver Plume, may accomodate a significant portion of the 

LREE, especially in a granite with such a LREE enriched 

pattern (Alderton et al., 1980). Fig. 16 illustrates , 
schematically the relative positions of the minerals of 

unaltered Silver Plume granite on a Sm-Nd and Lu-Hf 

isochron, based on the relative affinities of the HREE vs. 

the LREE and Hf for each phase. The progressive breakdown 

of the feldspars and micas (with their low Sm/Nd and Lu/Hf 

ratios) that accompanied phyllic alteration of the samples 

would liberate the LREE preferentially over the HREE. 

Obviously, zircon is not entirely a stable phase during 

alteration, as indicated by an up to 80% decrease in Hf 

abundance in the most altered sample. However, accessory 

zircon is detected in thin section in all the altered Silver 

Plume samples. Micas can often contain numerous inclusions 

of zircon too small to be visible in thin section. If these 
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Figure 16. Schematic Sm-Nd or Lu-Hf isochron plot showing 
the relative positions of whole rock and mineral phases on a 
Sm-Nd or Lu-Hf isochron. Open circles indicate new 
positions occupied by altered rock samples after destruction 
of LREE and Hf enriched phases, and transport of those 
elements out of the whole rock system. 
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zircon inclusions were destabilized during alteration, that 

could account for the large amounts of liberated Hf, and 

explain the existence of coarser-grained relict zircon in 

the alteration assemblage. In the presence of most fluids, 

these trace elements would not tend to be complexed, and 

would most likely be incorporated into the resulting second

ary mineral assemblage, undergoing little or no transport. 

But the altering fluid at Henderson was rich in F-, which 

would be able to complex the liberated REE and Hf and 

transport them out of the rock system. The resulting whole 

rock system would then have a higher Sm/Nd and Lu/Hf ratio, 

and would slide up the isochron in the direction of these 

higher ratios (Fig. 16). The steep drop in F- activity of 

the altering fluid outward from the intrusive porphyry 

(Gunow et al., 1980) is consistent with the increasing 

stability of the REE and Hf in the Silver Plume samples in 

the less altered samples. 

This interpretation of the consistency of initial 

isotopic values for the Silver Plume granite suite is 

dependent on two assumptions: 1) the REE and Hf are 

distributed fairly uniformly throughout the feldspar and 

mica phases, so that only partial destruction of these 

minerals in the outer weaker fringes of the phyllic 

alteration zone liberates Sm and Nd, and Lu and Hf in the 

approximate ratios in which they are present in the entire 
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mineral phase, and 2) those minerals in the Silver Plume 

granite with correspondingly high sm/Nd and Lu/Hf ratios, 

such as apatite, fluorite, or some unrecognized phase, were 

relatively stable during alteration. An interesting 

question concerns the present-day location of the REE 

leached from the altered rocks. Steep side contours of the 

F" activity gradients calculated by Gunow et al. (1980) 

suggested to them that flow of hydrothermal fluids was 

mainly upward, and that F" activity was greatest in the ore

body region itself. Taylor and Fryer (1983) have shown at 

the Climax deposit that Mo mineralization was accompanied by 

strong enrichment of the REE. Unfortunately, the orebody at 

Henderson rests completely within the intrusive stocks, from 

which we have no samples. It would be interesting to 

analyze samples of the Silver Plume granite from the Urad 

mine for Nd and Hf isotopes, where in contrast the mineral

ized zone is partially within the Silver Plume. The 

isotopic composition of the Nd and Hf that theoretically 

would be enriched in the ore-body would possibly yield 

information regarding the source of the altering fluid, and 

thus possibly allow formation of constraints on the 

transport distance of the REE and Hf. 

CONCLUSIONS 

The potential for disturbance of the Rb-Sr, Sm-Nd and 

Lu-Hf isotopic systematics of crustal rocks during post-
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crystallization processes appears to be highly dependent on 

the distribution of the elements in the mineral assemblage, 

and on the fluid composition and its ability to complex and 

transport these elements in and out of the system. Rb and 

Sr are abundant in feldspars and micas, which are the major 

rock forming minerals of granitic rocks, and which are 

rapidly destroyed during many types of fluid-rock 

interaction. Once liberated, these elements are seen to be 

easily complexed under a variety of aqueous conditions. 

Both net gains and losses of each element were seen in the 

K-metasomatized volcanic samples and the Oracle granite 

samples from San Manuel, and resulted in unpredictable 

disturbances of the Rb-Sr isotopic parameters. 

Sm, Nd, Lu, and Hf, for the most part, are concentrated 

in the trace phases of granitoids. These tend to be 

refractory phases that are thought to be more resistant 

during metasomatic conditions. In addition to being 

protected due to their concentration in the more resilient 

mineral phases, the REE and Hf do not appear to be easily 

complexed by either the K+ dominated fluids involved in 

alteration of the Tertiary volcanic rocks or the CI

dominated fluids involved in alteration of the Oracle 

granite at San Manuel. The Nd and Hf isotopic systematics 

of the K-metasomatized volcanic rocks appear virtually 

undisturbed. The Nd isotopes of the Oracle granite suite, 



except for three of the most intensely pervasively altered 

samples, remained undisturbed, and the Hf isotopes, except 

for two unexplained samples, remained coherent, also. If 

isotopically distinct Nd or Hf were transported into these 

rock systems during alteration, no exchange occurred with 

the Nd or Hf in the resulting mineral assemblages. 
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The exception to this general picture of Nd and Hf 

isotopic mobility is the Silver Plume granite at the 

Henderson mine. While dilution of trace element 

concentrations may have resulted from increases in rock 

volume, this explanation cannot account for the up to 4-fold 

decrease in Nd concentration, and the variable increases in 

Sm/Nd and Lu/Hf ratios, of the altered samples, as dilution 

would have lowered all concentrations by the same fraction 

without affecting the ratios. We think two factors 

contributed to REE and Hf mobility in the Silver Plume 

granite: 1) an extremely high trace element budget, in which 

the LREE and Hf were found in significant quantities in 

phases other than refractory trace minerals, and 2) the high 

F- activity of the altering fluid, which resulted in a high 

solubility of the REE and Hf. The large variation in Sm/Nd 

and Lu/Hf ratios, combined with the limited variation in the 

initial U3Nd/IUNd and 176Hf/177Hf ratios of the altered Silver 

Plume samples relative to the fresh values is surprising. 

We believe this pattern testifies to both the refractory 
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nature of those mineral phases during alteration in which 

most of the HREE budget of a granitoid is concen- trated, 

and the effectiveness of the F- in the metasomatizing fluid 

at complexing the Sm, Nd, Lu and Hf that were liberated 

during breakdown of feldspars and micas during phyllic 

alteration. Fluid alteration of these samples destroyed 

those minerals which had Sm/Nd and Lu/Hf ratios lower than 

the original whole rock, leaving behind a resulting mineral 

assemblage containing secondary components with extremely 

low REE and Hf contents, and original refractory primary 

components with Sm/Nd and Lu/Hf ratios higher than the 

original rock values. 

In altered crust where the presence of F- in the 

metasomatizing altering fluids can be documented, Nd and Hf 

model age calculations should be treated with caution. 

Fortunately, for the most part, fluids rich in F- are rare 

in typical metamorphic conditions. The implications of this 

study, then, are that the Sm-Nd and Lu-Hf isotopic systems 

are quite resistant to disturbance, even when subjected to 

the high fluid to rock ratios involved in the test cases in 

this study. Nd or Hf model ages of rocks that have been 

subjected to typical metamorphic and deformational 

processes, which would generally involve much lower fluid to 

rock ratios, are expected to be quite robust. 
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CHAPTER 5 

Lu-Hf AND Sm-Nd ISOTOPIC SYSTEMATICS OF EARLY ARCHEAN FELSIC 
GNEISSES: EVIDENCE FOR SHORT-LIVED MANTLE HETEROGENEITIES 

SUMMARY 

A combined Sm-Nd and Lu-Hf isotopic study of four Early 

Archean felsic gneiss suites is presented. The Sm-Nd 

results are for the most part consistent with known age 

information about the rocks. Limited scatter can be 

explained by subtle secondary disturbance of Sm/Nd ratios. 

The initial €~ values reinforce the general positive trend 

seen for Archean rocks of all compositions. The Lu-Hf 

isotopic data are complex. While some samples follow 

predicted €1II-eNd relationships for igneous rocks, as defined 

by the mantle array, many exhibit anomalous initial €III 

values both positive and negative on a scale much larger 

than can be explained by secondary disturbance. The random 

relationship between the Nd and Hf data do not support a 

widely distributed stratification of the early Earth mantle. 

Data presented from a Late Archean granitoid complex in 

northern Canada illustrate the potential for garnet to 

create large anomalies in €III values in previously melted 

source regions. Calculations of the potential €tll and €Nd 

variations that can result from short-lived mantle 

heterogeneities formed by earlier partial melting events 

support the suggestion that the partial melting processes 
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that produced the Hf anomalous Archean samples may have 

tapped these heterogeneities. Partial melting of subducted 

oceanic lithosphere in the eclogite facies, with garnet 

stable in the residue, is a likely avenue for forming 

garnet-rich mantle regions and garnet-poor 1st stage crustal 

melts. Subduction must have operated at a faster pace in the 

Archean, so the potential exists for development of widely 

distributed patchy upper mantle/lower crustal 

heterogeneities later tapped during production of the 

crustal Archean felsic gneiss protoliths. 

INTRODUCTION 

Early Archean crustal evolution continues to be a 

vigorously debated topic. There is little consensus on the 

volume of early crust, its composition, or its mode of 

formation. The oldest available rocks for study on the 

Earth's surface at ca 3.8 Ga are some 0.7 Ga younger than 

the assumed accretion time of the Earth, and the abundance 

of Early Archean crust preserved today is only about 8% of 

the total exposed crust. In addition, this small percentage 

of ancient crust has often been subjected to repeated 

episodes of post-crystallization disturbance, making 

protolith recognition and study difficult. 

Isotope geochemistry offers the most valuable and 

direct information on crustal evolution in Archean times. 

U-Pb dating on single zircons can offer precise ages (eg. 
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Kroner et al., 1989; Bowring et al., 1989). This age 

information can be combined with other isotopic systems, 

(eg., Sm-Nd, Lu-Hf, and Rb-Sr), to determine source region 

characteristics. Nonetheless, this type of analysis is 

fraught with difficulties. Implicit in the use of whole

rock isotopic analyses combined with U-Th-Pb age data 

information is the assumption that all the samples formed at 

the same time, with identical initial 14JNd/144Nd, 176Hf/177Hf or 

87Sr/86sr ratios, and then remained invulnerable to subsequent 

parent/daughter fractionation and mobilization during post

crystallization events. Because of difficulties in 

protolith identication, this is a tenuous assumption. For 

the Rb-Sr system, the ease with which the isotopic 

systematics are disturbed during a variety of post

crystallization events (Fairbairn et al., 1961; Hart, 1964; 

Hanson and Gast, 1967) limits their use in old rocks, 

although valuable contributions to the study of the 

evolution of the Precambrian have been made with this system 

(Moorbath, 1975). Only a few studies evaluate the stability 

of the Sm-Nd isotopic system during post-crystallization 

disturbance in rocks of any age (eg. Farmer and DePaolo, 

1987; MCCulloch and Black, 1984). 

Sm-Nd isotopic systematics have been applied to a large 

number of Early and Late Archean rock suites, both from 

greenstone belts and felsic gneiss complexes. A compilation 



95 

of Sm-Nd isotopic data from Archean rocks by Shirey and 

Hanson (1986) indicates a trend of randomly varying positive 

€Nd values for these rocks. This feature has led to a number 

of theories to explain the cause of this major chemical 

redistribution, but it is evident that a relatively wide

spread depleted (relative to CHUR) Archean mantle source 

region must have been in existence. Two potential long

lived complements to this depleted mantle are enriched 

continental crust or enriched oceanic crust. Chase and 

Patchett (1988) have argued convincingly for the latter. 

Both they and Shirey and Hanson (1986) point out that the 

present-day lack of large volumes of pre-3.0 Ga continental 

crust is a strong argument against the former. 

Lu-Hf isotopic systematics, developed by Patchett and 

Tatsumoto (1980), may offer new information on Early Archean 

crustal genesis. Lu-Hf data from crustal rocks do not 

necessarily offer results that differ from those obtained by 

the Sm-Nd technique. Patchett et al. (1981) have shown that 

a consistent €~=2€~ relationship exists in igneous rocks as 

a result of relative fractionations during magma producing 

events. This relationship is illustrated by the oceanic 

basalt data (compiled from the literature) in Fig. 17, which 

define a a consistent €~=2€~. The usefulness of the 

technique lies in the fact that Lu and Hf may be subject to 

strong fractionations due to certain mineral accumulations, 
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such as garnet, with extremely high Lu/Hf ratios, or zircon, 

with low Lu/Hf ratios and up to 1-2% Hf, that would not be 

reflected in the Nd isotopic data. If early Earth crustal 

formation processes involved unique steps that resulted in 

markedly different effects on Lu-Hf isotopic systematics 

relative to Sm-Nd, these may be detectable through combined 

isotopic analyses of old crustal rocks. 

In an effort to ~lrther examine the problem of Early 

Archean crustal growth, results are presented from a 

combined Sm-Nd and Lu-Hf whole-rock study of four Early 

Archean high-grade felsic gneiss complexes. The paper first 

presents an analysis of anamolous Lu/Hf fractionations in a 

Late Archean granitoid complex in northern Canada, that 

establishes the importance of garnet in relation to Lu-Hf 

isotopic systematics. The possibility of Sm-Nd and Lu-Hf 

variations in old rocks attributable simply to post

crystallization disturbance is examined. Finally, the 

implications of garnet fractionation in relation to the 

results from the Early Archean gneiss samples is discussed. 

GEOLOGY AND SAMPLES 

Sample suites were obtained from Early Archean grey 

gneiss complexes in four areas of Archean high-grade 

terrains: Greenland, Labrador, Michigan and swaziland. 

These Archean terrains are highly metamorphosed and 

deformed, and therefore historically difficult to study. 
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The Late Archean granitoid complex is located in northern 

Canada. Geology of each area is presented below. 
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The high-grade terrain in the Godthaab-Isukasia region 

of West Greenland includes the supracrustal Isua and Akilia 

assemblages, intruded by the Amitsoq tonalitic gneisses. 

Basic volcanism and sedimentation (Malene supracrustals) 

followed. Late Archean evolution is marked by extensive 

crustal re-working (Baadsgaard et al., 1976). Metamorphic 

grade in the felsic gneisses may reach granulite facies, but 

for the most part is amphibolite facies. An iron-rich suite 

(Nutman et al., 1984) makes up no more than 20% of the 

entire grey gneiss, and these workers cite field and 

chemical evidence that suggest the Amitsoq iron-rich suite 

is somewhat younger than the Amitsoq tonalitic gneiss. 

Different parent compositions have been established for the 

grey gneiss suite (o'Nions and Pankhurst, 1974; Nutman et 

al., 1984). Ion microprobe U-Pb zircon dating of the 

Amitsoq gneisses has yielded ages between 3.82 and 3.60 Ga 

(Kinny, 1986), further confirming the complex nature of the 

parentage of the gneisses. For purposes of isotopic 

parameter calculations, an age of 3.65 Ga is used, which is 

in good agreement with the existing U-Pb and Rb-Sr age 

information. The sample suite used in this study was 

provided by S. Moorbath, and includes samples of both 

Amitsoq gneiss types. Short descriptions of the samples can 
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be found in the Appendix (from Moorbath et al., 1972). The 

sampling area was approximately 15 km by 25 km. Samples 

were analyzed for Nd and Hf isotopes. 

Early Archean crust of the Saglek-Hebron area of 

Labrador shows many similarities to the Godthaab-Isukasia 

area of Greenland (Bridgwater and Collerson, 1976). The 

oldest recognized unit, the Nulliak supracrustals, are 

present mostly as inclusions in the Uivak gneisses. Two 

components of the Uivak gneiss are recognized, a tonalitic 

gray gneiss comparable to the Amitsoq gray gneiss, followed 

closely in time by the Uivak II augen gneiss, similar to the 

Amitsoq iron-rich suite. Development of the Upernavik 

supracrustal suite is analogous to that of the Malene 

supracrustal sequence. As in the Godthab region, the late 

Archean featured primarily crustal melting and tectonism 

(Collerson, 1982). Metamorphic grade is in general higher 

than seen in the Amitsoq gneisses, but in rare areas does 

not exceed amphibolite grade. Zircons from the Uivak I 

gneisses have 2D7Pb/206Pb ages within error at 3.73 Ga 

(Schiotte et al., 1989). For this paper, 3.73 Ga is taken 

as the most precise intrusion age of the Uivakgneiss 

protoliths. Four samples were collected from the Saglek

Hebron Fjord area, which covers approximately 35 km along 

the coast of Labrador. Sample descriptions are in the 

Appendix. 
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The high grade gneiss terrain in Michigan is sparsely 

represented by rocks of the Watersmeet gneiss dome. Sims et 

al. (1980) divided the exposed rocks into three successions: 

the older tonalitic gray gneiss, overlain by a series of 

layered biotite gneisses, and an interlayered amphibolite

gneiss and schist complex. Based strictly on field 

relations, previous workers had identified all exposed rocks 

of the Watersmeet gneiss dome as Archean. As part of 

extensive crustal evolutionary studies in the Wisconsin

Michigan area (Barovich et al., 1989; Barovich et al., 1991, 

in press), the layered biotite gneiss unit was shown, 

through the use of Nd and Hf isotopes, to include finely 

interlayered slivers of Early Proterozoic gneiss and schist, 

attesting to the intensity of deformation these rocks have 

undergone. Peterman et al. (1980) determined a U-Pb 

concordia intercept age on the tonalitic gneiss of ca 3.56 

Ga. Their analysis of zircon from one biotite gneiss sample 

indicated a comparable age. Recent ion microprobe U-Pb 

single zircon ages indicate an age for the tonalitic gneiss 

closer to 3.64 Ga (Peterman, pers. corom., 1989), which is 

the age used in this paper. Three samples of the tonalitic 

gneiss and three samples of the biotite gneiss provided by 

z. Peterman were analyzed for Nd and Hf isotopes. outcrop 

area of the Archean units of the watersmeet dome is small, 

and samples were collected within an area 1 km square. 
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Descriptions of the samples from Sims et ale (1980) are in 

the Appendix. 

The high-grade gneiss terrain of Swaziland, southeast 

of the Barberton greenstone belt, is known as the Ancient 

Gneiss Complex (AGC). The geology has been studied in 

detail (Hunter, 1970; Hunter et al., 1978). The AGC 

consists of multiply deformed tonalitic gneisses 

interlayered with amphibolites, together known as the 

Bimodal suite. Mafic/ultramafic volcanic rocks and 

metasedimentary rocks scattered throughout the Bimodal suite 

are termed the metamorphic suite. U-Pb zircon ages of 

gneisses from far-flung localities in the AGC by Kroner et 

ale (1989) indicate the heterogeneous nature of the igneous 

protolith, as the calculated ages of the tonalitic gneiss of 

the AGC range from 3.64 to 3.56 Ga. A 3.64 Ga age is used 

in this paper. Seven samples of the tonalitic gneiss were 

provided by R.W. Carlson, and analyzed for Nd and Hf 

isotopes. 

The Portman Lake granitoid complex in the Churchill 

Province of the Northwest Territories, Canada, has resided 

in a relatively undisturbed area since its intrusion, as 

evidenced by the concordance of U-Pb zircon and Pb-Pb whole

rock ages at 2.59 Ga (Stevenson et al., 1987). Stevenson et 

ale (1989) obtained a whole-rock garnet Sm-Nd isochron age 

of 2.56 +/- 0.02 Ga, within error of the U-Pb and Pb-Pb 
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ages. The granitoid has an unusual range of I47Sm/IHNd 

values, and exceptionally well-correlated Sm-Nd isotopic 

parameters. stevenson et al. (1989) attributed the 

significant range in Sm/Nd ratio to trace mineral 

fractionation. This sample suite was provided by R. 

stevenson, reanalyzed for Sm-Nd isotopes, and analyzed for 

Lu-Hf isotopes. 

The physical aspects of sample collecting become 

significant when working with polymetamorphosed rocks. Rb

Sr and Sm-Nd isotopic mobility on a scale of a meter has 

been documented for the Uivak Gneisses in the highest grade 

areas (Collerson, 1982), and Archean granulites from the 

Napier Complex, Antarctica (McCulloch and Black, 1984). 

Ideally, sample size could be adjusted to compensate for any 

scale of reequilibration, but in reality, collected samples 

usually average 3-4 kilograms. Although a circular 

argument, the agreement with independently determined 

isochron ages is generally taken as indication that the 

sampling size was sufficient to isotopically homogenize the 

rock. 

GARNET FRACTIONATION AND Lu-Hf SYSTEMATICS 

The Portman Lake Granite Complex serves as a dramatic 

example of the powerful effect garnet fractionation can have 

on Lu-Hf whole rock isotopic systematics. A previous Sm-Nd 

whole-rock-garnet isochron by stevenson et ale (1990) 
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yielded a precise age of 2.56 ± 0.02 Ga, and an initial €~ = 

0.0 ± 0.7. My repeat of the Sm-Nd analyses on the whole

rock samples yielded all points within error of stevenson et 

ale (1990) and an age of 2.58 ± 0.16 Ga, with an initial €~ 

of -0.8 ± 2.3 (Table 7; Fig. 18a). The more precise age 

from stevenson et ale (1990) is a result of the addition of 

the garnet analysis in their isochron, whereby the garnet 

Sm/Nd ratio nearly 4 times greater the whole rock samples 

gave much better control on the isochron. Oddly, the whole 

rock sample with the highest Sm/Nd ratio (129C) contains no 

garnet, and the mineral phase responsible for the elevated 

Sm/Nd ratio remains unidentified. The only sample (124P) 

with garnet (5%) has the lowest whole-rock Sm/Nd ratio, 

suggesting that at least in this case the absolute effect of 

garnet accumulation on the Sm/Nd ratio of the whole-rock is 

undetectable. 

Lu-Hf whole-rock data yield also a precise isochron, 

(Fig. 18b) with an age of 2.57 ± 0.03 Ga and an intial €IU = 

1.7 ± 0.5. This is a rare example of a Lu-Hf isochron froma 

granitoid, as usually there is insufficient Lu-Hf 

fractionation in a whole-rock suite to allow calculation of 

an isochron. Sample 129C,with the highest Sm/Nd ratio, has 

the lowest Lu/Hf ratio. It plots well to the left of the 

mantle array defined by oceanic basalts in €~-€H' space (Fig. 
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Table 7. Sm-Nd and Lu-Hf Isotopic data for Archean gneiss and Portman Lake Complex samples. 

Sm- N<fo 143Ndl14<lNd 
£(Ndlm t{Nd)T Lu' HI' I76Hfl177HI 

£(HQm E(HQT SAMPLE (ppm) (ppm) U7Sm'I4<lNd' ","""ured 02a (ppm) !E!!m) I76Lu/177HI' measured:t 20 

WATERSMEET GNEISS (3.64 Go) 
M45L 4.58 28.43 0.09737 0.510216'Q -47.2 .a.6 0.21 8.22 0.003575 0.280726J.45 ·73.7 3.5 
M45L 4.63 28.61 0.09766 0.510223>9 -47.1 .a.0 0.22 8.78 0.003522 0.280734127 ·73.4 3.9 
M83 lD.92 67.16 0.09621 0.510262>0 ·40.3 .a.l 0.52 9.78 0.007503 0.280939138 .flO.2 0.9 
01042 5.66 38.10 0.09833 0.510266t7 -40.2 00.1 0.20 8.28 0.004637 0.280773'2Q ·72.0 2.7 
M83 4.12 23.89 0.1042 0.510387'0 -43.9 .a.5 0.064 4.42 0.002085 0.280507.t41 ·81.4 ·0.4 
M321A 2.55 15.11 0.1022 0.51031507 -45.3 ·1.0 0.052 4.37 0.001077 0.280661.t48 ·75.3 8.9 
M321B 1.62 10.96 0.1001 0.510376110 -44.1 1.2 0.10 8.66 0.001607 0.280870'32 068.6 13.8 

SWAZILAND GNEISS (3.64 Go) 
KV64·1A 4.99 27.58 0.1094 0.510584.i4 -40.1 1.4 0.22 5.44 0.005624 0.280666L31 .flO.O 3.4 
KVB4·1B 15.85 30.44 0.1162 0.510799>Q ·35.9 2.0 0.088 2.81 0.004416 0.281054'63 062.1 13.0 
KV84·1C 1.24 3.B5 0.1942 0.512651"13 ·0.3 1.4 
KV84·5B 1.18 4.23 0.1691 0.512173.>7 ·9.1 3.7 
KV84·5C 9.04 38.70 0.1413 0.511387"10 ·24.4 1.6 0.66 10.32 0.009047 0.2BI175020 ·57.8 5.2 
KV84·5C 9.01 3B.52 0.1413 0.511392'0 ·24.3 1.7 0.69 10.37 0.009404 0.281143132 ·58.9 3.2 
KV84·50 5.03 27.75 0.1096 0.510700t12 ·36.0 4.9 0.34 3.06 0.01667 0.2B1733135 ·30.1 7.3 
SWZ19 3.65 18.56 0.1166 0.510906.110 ·33.8 2.8 
SWZ29 4.90 27.10 0.1084 0.510562!8 ·40.5 1.0 0.70 2.57 0.03830 0.283116.>57 10.8 ·1.9 

UIVAKGNEISS (3.73Ga) 
KBB7·107 2.92 23.14 0.07011 0.509965.17 ·52.1 0.0 0.02 3.89 0.0007300 0.280500130 ·81.7 5.0 
KB07·10Bo 8.45 62.64 o.oB147 0.5096?6L7 ·54.9 0.6 0.10 6.74 0.0003790 0.280700132 ·74.6 4.0 
KBB7·109B 1.18 8.40 0.08524 0.509970!8 ·52.0 1.6 0.013 3.23 0.0005890 0.280801'00 ·7B.l 9.0 
KBB7·114A 2.48 14.67 0.1023 Ml0505>G -41.8 3.9 0.05 2.59 0.002740 0.280663.>42 ·75.9 5.4 

AMITSOQ GNEISS (3.64 Go) 
155701 1.48 11.66 0.07873 0.509662!8 ·63.8 1.3 0.019 4.71 0.0005857 0.260454139 ·63.3 1.6 
155703 6.59 34.30 0.1162 0.510795!8 ·36.0 1.9 0.34 10.08 0.004728 0.280771138 ·72.1 2.1 
155704 11.44 52.63 0.1313 0.511187.t4 ·28.3 2.5 0.51 9.9S 0.007277 0.280841.137 -09.0 -2.0 
155706 0.93 7.63 0.07171 0.509669>0 ·57.9 0.9 0.012 2.55 0.0000942 0.260416.t41 -84.7 0.0 
155711 9.30 43.02 0.1310 M11274.>11 ·28.0 4.0 0.59 5.30 0.01585 0.281507.t40 -46.1 .a.l 
155717 4.80 35.89 0.08081 0.5096B0!8 ·63.7 0.9 0.079 6.80 0.001852 0.280840.>17 ·70.7 5.5 
155733 0.55 28.28 0.1500 0.511623>Q ·19.8 1.9 0.51 3.76 0.01917 0.281945.157 ·30.6 6.3 
155737 2.75 18.70 0.06667 0.510103.>7 ·40.8 1.2 
155763 1.32 0.28 0.1273 0.51032O'1l -45.0 ·12.5 0.11 2.30 0.006390 0.281050137 ·02.2 7.7 
155766 4.12 30.92 0.06048 0.500901'6 ·63.4 1.3 0.12 0.09 0.002633 0.280607'69 ·77.9 2.0 
155769 2.20 13.55 0.06623 0.510196Ll0 -47.8 -1.6 0.060 3.67 0.00230 0.280587.t43 ·78.8 1.9 
155774 3.18 18.13 0.1052 0.510485.17 -42.4 0.7 0.11 4.18 0.003805 0.2604B5.131 ·02.9 -0.4 
155807 2.45 18.80 0.08817 0.510155>0 ·48.4 2.7 
155810 3.56 17.89 0.1201 0.510810'6 ·35.7 0.3 0.12 4.14 0.004045 0.280757130 ·72.8 3.4 
155810 3.67 18.38 0.1205 0.510817'6 ·35.5 0.3 0.12 4.33 0.003963 0.280700'28 ·71.0 4.5 
1251519 9.09 42.22 0.1302 M11169!8 ·28.7 2.7 0.63 5.48 0.0137 0.281483'25 -47.0 3.3 
110870 11.03 51.62 0.1208 0.511081.t4 ·30.8 1.3 0.49 15.34 0.004463 0.280631'66 ·70.0 4.9 
1251523 1.85 9.94 0.1125 0.510702.110 ·37.8 1.9 0.11 8.28 0.002481 0.280536L30 ·80.3 -0.3 

PORTMAN LAKE GRANITE (2.59 Go) 
124P 12.70 79.48 0.09863 0.510914!8 ·33.8 -0.3 3.81 7.29 0.07014 0.284731'28 67.9 1.0 
125J 7.68 48.01 0.09864 0.51081410 ·35.8 ·2.3 0.19 5.28 0.005129 0.281411.134 -49.5 2.1 
127A 7.30 33.45 0.1318 0.511466>Q ·22.4 -0.8 0.24 9.11 0.00389 0.281307'23 ·63.1 1.0 
1200 20.45 52.18 0.2371 Ml3284.IQ 12.2 ·1.3 0.20 8.37 0.00334 0.281333'20 -48.7 2.8 
1320 10.40 58.70 0.1112 0.51117410 '28.8 -0.1 0.281536L32 
1796 10.70 45.13 0.1433 0.511754.>7 -17.2 0.5 0.111 4.93 0.005567 0.281441.12Q -48.4 2.3 
180A 9.89 45.63 0.1284 0.51145Q.113 ·23.2 -0.4 0.43 11.08 0.005502 0.281445.139 -48.3 2.8 

*2aerrors for Sm, Nd, Sr, and Hf concentrations and 147Sm/I44Nd 810 < 0.5%. 
t2aorrors for Rband Lu concontrollons and 176t.U1177Hf and 87Rb,ilSSr 810 < 1.0%. 
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Figure l8a. Sm-Nd whole-rock isochron plot for the Portman 
Lake granitoid complex. 
lSb. Lu-Hf whole-rock isochron plot for the Portman Lake 
granitoid complex. 
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17). Sample 124P, with 5% garnet, has extremely high Lu/Hf 

ratio and Lu concentration, presumably due to the presence 

of garnet, but a low Sm/Nd ratio. Its initial E'II value 

falls well above the ENd-EH1 mantle array (Fig. 17). The 

rest of the samples have quite uniform Lu-Hf isotopic 

characteristics; 124P in essence creates a two point Lu-Hf 

isochron. Thus, whatever phase is responsible for the 

elevated Sm/Nd ratio in samples 129C had no effect of the 

Lu-Hf isotopic systematics of that sample, and garnet 

appears to be able to exert a dramatic control on the Lu-Hf 

isotopic signature, as illustrated by sample 124P. The fact 

that all available isochron ages (Lu-Hf from this study; Sm

Nd from Stevenson et ale (1990), U-Pb and Pb-Pb from 

Stevenson et ale (1987» agree indicates that any mineral 

accumulations or subtractions must have taken place during 

genesis of the granitoid, as further evidenced by the close 

grouping of the Nd and Hf initial E values (Fig. 17). Note 

that these points fall well within the mantle array. 

The significance of these results with respect to the 

isotopic data from the Early Archean complexes is that the 

Portman Lake samples show that small fractions of garnet can 

lead to extreme Hf isotopic compositions, with no effect on 

Nd isotopic composition (Fig. 17). This effect suggests 

that a rock produced by partial melting from a source 

containing residual garnet (and thus an elevated Lu/Hf 
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ratio), could carry anomalous positive initial fHI values 

with respect to the fNd values after some period of time. 

Alternatively, a rock produced by partial melting of 

material originally derived from a source in which garnet 

was residual (and thus a lowered Lu/Hf ratio), could carry 

anomalous negative initial fill values with respect to the €Nd 

values after some period of time. That period of time would 

depend both on the magnitude of garnet enrichment or 

depletion in the source area and the time that elapses 

between intial production of a garnet-depleted or enriched 

source area and the melting event. The scale of range of 

effects on fill values will be discussed in a more 

quantitative manner later. 

RESULTS 

Concentration and isotopic data are presented in Table 

7 and Figs. 19 through 21. Because cogeneticity cannot be 

demonstrated within any invidual sample suite, correlation 

of the data on conventional isochron diagrams has no true 

age significance. Presenting the data when possible in this 

manner still allows one to evaluate the agreement of the 

data with known age information about the suite. The 

initial fNd and fill values are also presented in histograms. 

For Nd, the values are plotted in groups of 2 f units, and 

for Hf, in groups of 4 f units, in keeping with the €1l1 = 

2f~ relationship (Fig. 19). 
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Figure 19a-d. Histograms of initial €Nd and €Iit values for 
the four Early Archean felsic gneiss complexes. Each is 
labelled with the last two or three significant digits of 
the matching sample number. €", is scaled at twice €Nd so 
that variations from the predicted €H,=2 €Nd relationship can 
be easily identified. 
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The Amitsoq gneiss Sm-Nd and Lu-Hf data are presented 

in Table 7 and Fig. 20. The Sm-Nd data (except samples 

155763 and 155768) yield a regression line corresponding to 

an age of 3.74 ± 0.15 Ga, in good agreement with individual 

U-Pb zircon ages from these rocks (Baadsgard, 1973), and an 

initial €~ value of 2.9 ± 1.2 (Fig. 20a). The good 

agreement of the ages indicate the Sm-Nd data are at least 

consistent with known age information. Samples 155763 and 

155768 fall well below the regression line, taken to mean 

that these samples have experienced secondary alteration. 

The Lu-Hf results are somewhat more scattered than the Sm-Nd 

data. On a Lu-Hf isochron plot (Fig. 20b), the data 

(excluding 155704, 155774 and 155763) exhibit a poor fit 

with a regression line representing a 3.79 ± 0.27 Ga age, 

with an initial €HI value of 5.8 ± 1.7. These data show 

considerably more scatter than a smaller group of the same 

samples analyzed by Pettingill and Patchett (1981). For the 

most part, results from this study are inconcordance with 

values from the same samples in Pettingill and Patchett 

(1981). In general, the isotopic ratios are correlated 

between the two systems, in that the samples with the 

highest Sm/Nd ratios generally have the highest Lu/Hf 

ratios. The variation in initial €m relative to €~ is 

illustrated in Fig. 19a in histograms of € values for all 

the Amitsoq samples. The €Nd values occupy a range of 6 € 
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Figure 20a. Sm-Nd isochron plot for the Amitsoq gneiss 
samples. Data are mostly consistent with the regression 
line. Open circles not included in regression line. 
20b. Lu-Hf isochron plot for the Arnitsoq gneiss samples, 
showing poor correlation with the regression line. Open 
circles not included in regression line. 
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units (excluding 155763); the €Hf a range of 16 € units. The 

€Nd-€Ilf relationship is random and varies from €Hf = -8 €Nd 

(sample 155774) to €llI = 5€Nd (sample 155733), although quite 

a few samples show the expected €1lf=2 €Nd relation. 

The Uivak I gneiss data are presented in Table 7 and in 

initial €Nd-€llI histograms in Fig. 19b. The €Nd-€Hf values are 

discordant, and range from €Ilf = 0.8€~ to €Ilf = 5.6€~. Two 

samples (KB87-107 and 109B) have extremely low 176Lu/177Hf 

ratios for whole rocks, comparable to values for zircons 

(stevenson and Patchett, 1990; Smith et al., 1987). 

The Watersmeet Gneiss data are presented in Table 7 and 

Fig. 19c. Sm/Nd ratios are too uniformly consistent to 

yield a regression line, and €~ values at 3.64 Ga vary only 

from -1.0 to 1.2. In contrast, €Ilf values are scattered 

(Fig. 19c), ranging from 0.8 to 11.5€~. 

The Swaziland AGC data can be illustrated with isochron 

diagrams. The Sm-Nd ratios form a noisy line that defines a 

3.66 ± 0.28 Ga age (Fig. 21a). Although the error is large, 

this age is close to the oldest zircons dated from the AGC 

at 3.64 Ga (Compston and Kroner, 1988). The Lu-Hf data are 

poorly correlated on a Lu-Hf isochron plot (Fig. 21b). In 

addition, the isotopic ratios between the two systems are 

not correlated; ie., the sample with the highest Lu/Hf ratio 

(SWZ29) has the lowest Sm/Nd ratio. The contrast between 

€Nd and €Ilf values is illustrated in the histogram for these 
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Figure 21a. Sm-Nd isochron plot for the Ancient Gneiss 
Complex samples, yielding a noisy regression line. Samples 
are labelled. 
21b. Lu-Hf isochron plot for the Ancient Gneiss Complex 
samples. Lu/Hf ratios are poorly correlated with Sm/Nd 
ratios, as seen by comparison with Fig. 21a. 



113 

samples (Fig. 19d), where fill values are widely scattered for 

individual samples and range from -2.0 to 6. 5fNd • 

DISCUSSION 

The Sm-Nd systematics of the Early Archean rock suites 

are in line with known age information about these rocks. 

The isotopic variations can be attributed to two factors: 1) 

original differences in isotopic composition, or 2) 

fractionation of the sm/Nd ratio during secondary 

disturbance. The possible effects on f~ values in old rocks 

by alteration processes has been underrated in the 

literature. Arndt and Goldstein (1987) briefly discuss the 

problem. Rosing (1990) presents a treatment of the 

theoretical effects of metasomatism on f~ values, and the 

actual effects of post-crystallization alteration on 

radiogenic isotopic systems was discussed in previous 

chapters in this study. The example below clearly 

illustrates the problem in attaching too much significance 

to minor initial ENd or flU variations in old rocks. 

The example assumes a typical Early Archean felsic 

gneiss (age = 3.6 Ga) with Sm-Nd parameters of measured 

143Nd/144Nd :: 0.510600, 147Sm/144Nd = 0.1100, and Sm and Nd 

concentrations of 4.38 and 25 ppm. If a closed system, this 

rock yields an initial f~ value of +0.5, indistinguishable 

from CHUR at that time. Assume now an alteration process of 

any sort during the history of the rock that fractionates 
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the Sm/Nd ratio of the rock by just 5%. For simplicity, the 

fractionation will be caused solely by movement of Sm, so 

that the t43Nd/tHNd ratio at that time will be unaffected. In 

the calculations, the altered rock with its new t47sm/tHNd 

ratio is evolved back and forward through time to assess the 

effects on €Nd values of this fractionation. The 

calculations are made at three different times of 

alteration: 0.9, 1.8 and 2.7 Ga. The calculation results 

are presented in Table 8. 

The maximum effects on the initial €~ values in this 

example are an increase of 1.9 € units, if the alteration 

event occurred 0.9 Ga ago. A 5% change in the Sm/Nd ratio 

of an old rock would be so subtle as to not be recognized, 

even with careful geochemical characterization of the rock 

suite. Fractionations on this scale can easily be 

attributed to simple original igneous variation within a 

comagmatic suite (the Portman Lake Complex is an extreme 

example). In polymetamorphosed old rocks, a simple 

calculation such as above should serve to restrain one from 

attaching any great significance to €Nd variations on the 

order of ± 2 € units. The effect of Lu/Hf fractionation on 

the order of 5% on €Hf values is much smaller, as Lu/Hf 

ratios of most continental crustal rocks are quite low, 

between ca 0.0003 and 0.02. A comparable 5% change in Lu/Hf 

for a 3.6 Ga sample at 0.9 Ga, with an original t76Lu/t77Hf 



Table 8. Calculations of Sm/Nd fractionation effects on Sm-Nd isotopic systematics 

143Nd/144Nd 143Nd/144N d ENd 
147Sm/144Nd (measured) (3.6 Ga) (measured) 

unaltered (3.6 Ga) 0.1100 0.520600 0.507979 -39.8 

altered (2.7 Ga)* 0.1044# 0.510499 0.508012 -41.7 

altered (1.8 Ga)* 0.1044# 0.510532 0.508045 -41.1 

altered (0.9 Ga)* 0.1044# 0.510565 0.508078 -40.4 

* age of alteration event. 
# 147Sm/144Nd lowered by 5%. 

ENd 
(3.6 Ga) 

+0.5 

+1.1 

+1.8 

+2.4 

~ 
~ 
OJ 
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ratio of ca 0.004, results in only an increase of 0.4 

initial flU units. The 5% change in the Lu/Hf ratio of an 

altered rock may not be recognizable, but the resulting 

effect on the fur value is within the errors of the method, 

anyway. That is not true for the Sm-Nd system. A 50% 

decrease in the Lu/Hf ratio would be required to result in 

an increase in fur equivalent to twice the change in fNd in 

this example. 

It seems quite reasonable to attribute the limited 

scatter in the Sm-Nd data for the Amitsoq, the Watersmeet, 

and Swaziland AGe suites to small secondary disturbances of 

the isotopic system. For a few samples it appears that 

disturbance was on a larger scale, as the isotopic 

parameters of those samples are completely out of line both 

with the bulk of the samples and with known age information 

about the rocks (eg., 155763, 155769). The important point 

is that the results are concordance with the known ages of 

the rocks. 

The Uivak Gneiss Sm-Nd data are puzzling. Isotopic 

ratios are not correlated, and initial f~ values vary 

randomly. The cause of these variations is not clear, and 

it may be that the protoliths of these samples are quite 

different, both in composition and in age distribution. 

Much more detailed geochemical and isotopic work is needed 

on this suite. 
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A definite trend toward positive initial €Nd values 

exists for the Amitsoq, Swaziland and Uivak Archean samples 

at the chosen ages (Fig. 19), with the bulk of the samples 

clustering from +1 to +4. Obviously initial € values are 

dependent upon the age chosen for the rock, but at the 

average Sm/Nd ratios of 0.09 to 0.12, an approximate 0.15 Ga 

age decrease is required to lower an initial €Nd of +2 to o. 

This does not seem possible in light of all the independent 

age information about the gneiss complexes. Thus the 

positive €Nd trend seems to be real. As discussed before, 

this positive €~ trend has been noted for a number of 

Archean samples. It is interesting to note, as shown above, 

that lowering the Sm/Nd ratio by small fractions has the 

effect of raising the calculated initial €~ value of the 

altered rock. The example calculations assumed depletion of 

Sm in the altered rock, but addition of Nd would have the 

same effect on the Sm/Nd ratio. Furthermore, any Nd 

introduced into the rock system at a later time (especially 

that derived from juvenile crustal material) would very 

likely be more radiogenic than the original Nd. Increasing 

the t4JNd/t44Nd ratio in addition to decreasing the Sm/Nd ratio 

by addition of Nd during a secondary process would only 

magnify the increase of the €Nd value. It may be that at 

least some of the posi ti ve €Nd trends seen in Archean rocks 

is just a result of subtle unidirectional disturbances in 
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the Sm-Nd isotopic parameters of the often polymetamorphosed 

sample suites. 

The Lu-Hf systematics of the Early Archean rocks are 

complex. Lu-Hf isotopic data from some samples are 

consistent with known age information about the rock, and 

plot close to reference isochrons; for example, much of the 

Amitsoq Gneiss data (Fig. 20). For many individual samples 

from all suites, Lu-Hf and Sm-Nd isotopic ratios are not 

correlated, in that samples with the highest and lowest 

Sm/Nd ratios do not have the highest and lowest Lu/Hf 

ratios, respectively. Also, anomalous initial €III values are 

both much greater and much less than the predicted 2€Nd (Fig. 

19) • 

A possible explanation of metamorphic disturbance of Hf 

isotopes on such a scale as seen in these samples requires 

consideration of the the igneous trace phase zircon, which 

has extremely low Lu/Hf ratios, and which contains most of 

the Hf in typical granitoids. Metamorphic zircon growth is 

a common feature during high-grade events such as the Early 

Archean gneiss complexes have experienced. This process 

requires mobilization of Zr to form zircon. The important 

point with respect to isotopic Hf whole-rock studies is that 

the metamorphic growth may also involve addition of 

radiogenic Hf. The potential effect of this problem on 

whole-rock Hf studies requires information on the range of 



I 

119 

transport distances for Hf either through diffusion or as 

fluid complexes, of which little exists. If transport 

distance by either means remains less than the sample size, 

then for whole-rock Hf isotopic studies, metamorphic zircon 

growth is not a problem. In Chapter 3, it was shown that Hf 

can be quite mobile as a fluorocomplex, but fluorine-rich 

fluids are not commonly identified during most metamorphic 

events. Combined bulk zircon-whole-rock Hf isotopic studies 

by Patchett et ale (1981) on Proterozoic granitoids from 

Colorado, showed that zircons and whole-rocks give 

indistinguishable initial €III values, despite the U-Pb 

discordance of the zircons. significantly lower Hf/Zr 

ratios of metamorphic zircons measured by Smith et ale 

(1987) also attests to the lesser mobility of Hf relative to 

Zr during thermal disturbances. From these studies, it does 

not seem likely that metamorphic growth of zircon is 

responsible for the differences in Hf initials of 5 to 6 € 

units. 

As pointed out before, the low Lu/Hf ratios of some of 

the €H' anomalous samples makes it unlikely that an increase 

in Lu/Hf ratio is responsible for the large downward 

(relative to initial €Nd) €III shifts (eg., samples M93, 

€H,=1€Nd' and 155774, €II'=€Nd-4.5). For examples, to lower the 

€III of sample 155704 from a theoretical prealteration value 

of 5.00 (= 2€~) to its current initial €III value of 
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-2.0 would require a 350% increase in the Lu/Hf ratio 1.8 Ga 

ago, from 0.002 to 0.007277. It is hard to see how any 

process could so drastically change Lu-Hf rock systematics 

without disturbing Sm-Nd ratios. 

Another explanation for the anomalous Lu-Hf data is 

original differences in source region composition. The 

long-term presence (or absence) of garnet is a likely means 

for development of the initial fIll variations seen in the 

Archean rocks of this study. This is because of the strong 

Lu/Hf fractionations in garnet relative to Sm/Nd. Numerous 

workers have concluded that garnet is an important residual 

component during genesis of both mafic and felsic Archean 

rock suites (O'Nions and Pankhurst, 1974; Hunter et al., 

1978; Jahn et al., 1982; ohtani, 1984). 

An explanation of the variations in the Hf isotopic 

parameters within each of the Archean suites that entails 

original source region compositional differences requires 

consideration of the scale of sampling. The present-day 

small scale of the outcrop regions of each of the suites 

sampled would seem to require a small but incredibly 

heterogenous mantle/lower crustal source region. On the 

other hand, given the intense deformation the gneiss suites 

have undergone, it is not possible to assume that present

day outcrop pattern bears any relationship to original 

structual relationship of the gneiss precursors. The 
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Amitsoq gneisses, for instance, vary in composition from 

dioritic to granitic, but no information remains concerning 

original igneous relations of these rocks (o'Nions and 

Pankhurst, 1974). Although the watersmeet gneiss samples 

are from an outcrop region only 1 krn square, the Early 

Archean units are complexly interleaved with Early 

Proterozoic schists and gneisses on a scale of only meters. 

Firm identification of the interleaved Early Proterozoic 

units carne only with Nd and Hf whole-rock isotopic work 

(Barovich et al., 1991). cogeneticity has been difficult to 

document within any of the Archean gneiss suites (o'Nions 

and Pankhurst, 1974; Hunter et al., 1978), and severe 

tectonic folding and interleaving has been proposed to 

explain present outcrop patterns (Bridgwater et al., 1973). 

These observations certainly allow for the proposition of 

widely scattered chemically different sources for the 

igneous precursors of the gneisses within each suite, 

followed by tectonic juxtaposition of the rocks. 

Many Early Archean komatiites from widely scattered 

areas exhibit HREE and Al depletion. Two opposing views for 

the origin of these depletions in komatiites involve garnet. 

Fractionation of garnet during mantle melting to produce 

komatiites has been advocated by Glikson and Jahn (1985) and 

Ohtani (1984). Another view suggests the garnet signature 

is characteristic of the komatiite source region itself and 
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resulted from global garnet fractionation during early 

Archean mantle history (Anderson, 1982; Othani et al., 1989) 

A Lu-Hf isotopic study of Archean komatiites from the 

Barberton greenstone belt, southern Africa (Gruau et al., 

1990) did not yield any strongly negative or positive 

initial f~ values that would be indicative of a 

significantly earlier global-scale mantle stratification 

into garnet-rich or garnet-poor layering. The chemical 

variation of Early Archean komatiites they studied is 

indicative of both depletion and enrichment of garnet in the 

komatiite f;ource regions, but because the initial fill values 

were close to chondritic, they concluded the chemical 

fractionations observed in their samples were dependent on 

the presence or absence of garnet as a residual phase during 

the melting event, and were not a feature of the komatiite 

source region. 

Numerous workers have discussed the petrogenesis of 

Early Archean felsic rocks and the role of garnet in the 

generation of their geochemical signature. O'Nions and 

Pankhurst (1974) suggested partial melting of garnet 

eclogite throughout a range of depths over which garnet 

would be stable to unstable, to explain the garnet-rich and 

garnet-poor source regions predicted for Amitsoq parent 

rocks. Petrogenetic studies by Martin (1986, 1987) of 

Archean granitoids from a number of locations have reached 
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the same conclusion. In short, a higher geothermal gradient 

is postulated during the Archean that would permit partial 

melting of subducted oceanic crust (converted to garnet 

bearing eclogite) before its dehydration. The HREE depleted 

patterns of the granitoids seem to suggest that garnet is 

stable in the residue at least some of the time. 

The production of garnet-rich residues during deep 

crustal or mantle partial melting events therefore seems to 

be a reasonable scenario, based on the geochemical evidence 

provided by Early Archean felsic and mafic rock suites. 

Involvement of these garnet-rich residues or garnet-poor 

partial melt products during a second stage melting event 

that generated the felsic Archean gneiss complexes may 

explain at least some of the variation in initial €tU values 

in this study. While the potential for garnet 

fractionations in the upper mantle seems to be established, 

there are certainly valid objections to the preservation of 

Archean upper mantle heterogeneities, as mantle convection 

must have been more rapid than today. Because of the size 

of the €Itf variations and the rapidity with which they would 

develop in garnet enriched source regions due to the severe 

fractionation of Lu/Hf ratios by garnet, the life-span of 

these proposed heterogeneities need not be long, as will be 

shown below. 

Partial melting of subducted oceanic crust in the 
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garnet eclogite facies and garnet fractionation during 

komatiite generation are equally likely scenarios to explain 

the origin of residual garnet in the mantle, and could 

result in emplacement of garnet depleted parental magmas in 

the deep crust. The most geologically plausible origin of 

the anamolous Em values seen in Archean felsic rocks is the 
~ 

former, if one assumes that the site of Archean calc-

alkaline magma genesis was ancient SUbduction zones. The 

calculations to determine scale of Eftl variations would not 

differ much in either case. The scale of Etif vs. ENd 

variations that develop with time in both garnet-bearing 

mantle residue left by partial melting of subducted crust, 

and in the partial melt itself, which could reside in the 

deep crust for significant lengths of time before being 

involved in another crustal gereration event, is illustrated 

by the following calculations. 

The solid/liquid distribution coefficients chosen for 

the REE and Hf for typical mantle residual phases of 

olivine, orthopyroxene, clinopyroxene and garnet are shown 

in Table 9. The ratio of the Lu and Hf values in garnet (ca 

29) indicates the strong partitioning of the HREE relative 

to Hf into that phase. The low values for the ratios of Sm 

ann Nd distribution coefficients (ca 2) for all reasonable 

mantle assemblages, even where garnet iG included, presage 

the neglible ENd signature that a garnet-
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Table 9. Solldlllquid distribution coefficients used for f Lu/Hf and f Sm/Nd 
calculations (from Fujlmakl et al (1984)). 

Olivine Orth opyr- Cllnopyr- Garnet 
(0 I) oxene (Opx) oxene(Cpx) (G a r) 

Nd 0.006 0.017 0.287 0.0254 

8m 0.005 0.0155 0.477 0.0879 

Lu 0.009 0.163 0.560 5.98 

Hf 0.004 0.0063 0.121 0.207 
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depleted or garnet-enriched residue will impart on a source 

region, relative to the potentially strong fill signature. A 

reasonable mantle residue of 60% olivine, 10% orthopyroxene, 

25% clinopyroxene and 5% garnet and partial melting of 35% 

for the subducted crust is chosen, based on a number of 

modelling studies of Archean gneisses, including the Amitsog 

gneiss (O'Nions and Pankhurst, 1974) and Ancient Gneiss 

complex (Glikson and Jahn, 1985). The Lu/Hf and Sm/Nd 

fractionations are expressed in DePaolo's (1979) f Sm/ Nd 

notation, and fNd and fill are expressed as 

fNd = fNd ( ini tial) + fsm/NdQNd t 

fill = fUI ( ini tial) + fLuIHIQIlI t 

where t is in Ga, QNd = 25.36 Ga- I and QHI = 23.75 Ga- I 

(DePaolo, 1979; Patchett et al., 1981). Initial f values 

are assumed to be chondri tic. This is not unreasonable, as 

the age of oceanic crust before sUbduction during the 

Archean was certainly no greater than it is today (at a 

maximum of 200 Ma). The mean age of Archean oceanic crust 

upon sUbduction is estimated at ca 20 Ma (Arndt, 1983), 

based on smaller plates and faster spreading rates. The 

fractionations are related to D values and degrees of 

partial melting and can be calculated by the following 

equations (DePaolo, 1979; Patchett et al., 1981): 

residue: fsm/Nd = [(DsJDNd ) (DNd+F(1-DNd)/(Dsm+F(1-Dsm» ]-1 

fLU/ttf = [(DLU/DHI) (Dw+F(1-DHI)/(DLU+F(1-DLU» ]-1 
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This is all the information necessary to calculate the 

change in €Nd and €HI values in a garnet residue left behind 

by partial melting of subducted oceanic crust. The €Nd and 

€IU changes are calculated in this manner for the melt 

product, also. 

Even 5% garnet in mantle residue after partial melting 

produces drastic increases in €IU, even after 0.1 Ga (Table 

10). The corresponding €Nd value after 0.1 Ga is only one

tenth the value. Any later melting event that incorporated 

even small amounts of this garnet-rich residue could result 

in quite high initial €1fI values (» €Nd)' with very little 

effect on €Nd. The predicted values for the theoretical 

garnet depleted melt, corresponding to a potential first 

stage c~ustal melt, indicate the strong negative Hf isotopic 

effects that can be developed over short time periods (Table 

10) • 

It does not seem impossible, then, to generate the 

range of initial €IU values seen in the Early Archean 

gneisscomplexes in this study. If early Earth wide-spread 

mantle garnet-rich and garnet-poor stratification took 

place, then the protoliths of the Early Archean rocks did 

not sample this material. The variations in fttl vs. €Nd are 

too scattered and random to support this hypothesis. The 

limited large-scale variations in the data are believed to 

be attributable to original source variation and not 



Table 10. EHf and ENd variations with time for potential garnet-rich and garnet-depleted Archean 
gneiss source regions. 

EHf ENd 

f Lu/Hf fSm/Nd 0.1 Ga 0.3 Ga 0.5 Ga 0.1 Ga 0.3 Ga 0.5 Ga 

garnet-rich 5.16 0.514 12.3 36.8 61.3 1.3 3.9 6.5 
residue from slab 
melting 
1 st crustal melt -0.418 -0.075 -1.0 -3.0 -5.0 -0.2 -0.6 -1.0 
from slab 

I-l 
t\.) 

00 
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secondary disturbance, and the calculations made support the 

existence of at least short-lived upper mantle/lower crustal 

garnet-rich and garnet-poor source regions during the Early 

Archean. If these large €HI effects in Early Archean felsic 

gneisses are attributable to partial melting of subducted 

oceanic lithosphere, €~-€HI relationships of material derived 

from the upper mantle/lower crust would be expected to 

become much more predictable with time, as the potential for 

slab melting decreased with declining geothermal gradient. 

CONCLUSIONS 

The combined Sm-Nd and Lu-Hf data for the samples Early 

Archean felsic gneiss complexes do not completely follow 

predicted patterns. The Sm-Nd isotopes are generally well

behaved, and in concordance with other age information about 

the rocks. The limited noise in the data can be attributed 

to slight fractionations of Sm/Nd ratios throughout the 

history of the rocks, not surprising as all the rock suites 

are polydeformed and metamorphosed. 

The Lu-Hf isotopic data for the Early Archean samples 

are scattered. The Sm-Nd and Lu-Hf analysis of the middle 

Archean Portman Lake Complex illustrated the power of garnet 

in fractionating Lu/Hf ratios, while leaving Sm/Nd ratios 

unaffected. While some of the noise in the Lu-Hf data can 

also be attributed to secondary crustal disturbance, the 

combination of extremely low Lu/Hf ratios and magnitude of 
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the both positive and negative anomalous initial €m values 

seem to require additional explanation. 

The calculations of €m and €Nd growth with time produced 

in upper mantle garnet-rich residues from partial melting of 

subducted oceanic crust and in first stage crustal melts 

from that crust show that quite large €m values can be grown 

in relatively short amounts of time, geologically. The 

heterogeneous mantle regions need only be preserved for a 

minimum of 0.1 Ga to develop €Hf values strikingly greater 

than 2€Nd. Later magmatic events that incorporated even 

small fractions of this material would yield anomalous €~-

€m relationships. 

While the isotopic data do not support the existence of 

a garnet-dominated stratified Archean mantle, they do 

suuggest the possibility of at least short-lived garnet-rich 

and garnet-poor heterogeneities during the Archean. 
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Lu-Hf, Sm-Nd and Rb-Sr isotopes were measured on 

typical continental crustal whole-rocks exposed to a range 

of secondary crustal processes to assess the effects of 

those processes on the stability of the radiogenic systems. 

As demonstrated before, the Rb-Sr whole-rock system is 

easily disturbed, and in general cannot be expected to yield 

information about original isotopic compositions. 

During typical crustal conditions of ductile 

deformation and dynamic metamorphism, the Lu-Hf and Sm-Nd 

systems remained equally insensitive, and gave consistent 

information about original isotopic composition. Thus, in 

crustal terranes in which rocks have been subjected to at 

least low to medium grades of deformation, the Hf and Nd 

isotopic systems should yield equally reliable source region 

and crustal formation age data. 

During crustal alteration conditions involving high 

fluid to rock ratios, the stability of Sm, Nd, Lu and Hf was 

seen to be susceptible to fluid composition. Alteration by 

fluids of high K+ and high Cl-, respectively, did not result 

in isotopic fluctuations any greater than those seen in the 

case of ductile deformation. Alteration by fluids with high 

F- activiy was able to variably mobilize the REE and Hf, 

probably by transport as F- complexes. Thus, indications of 
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high fluid to rock ratios during alteration, especially if 

evidence for F exists, should lead one to use isotopic data 

for crustal evolution studies from such rocks with caution. 

On the other hand, the potential for fluids with high F

activity to mobilize the REE and Hf, may offer an avenue for 

studying migration paths and element migration distances 

during solute transport. 

A combined Sm-Nd and Lu-Hf isotopic study of Early 

Archean felsic gneisses yielded Nd isotopic information 

mostly consistent with independently known age information 

about the rocks. The data contribute to the general 

positive initial €~ trend seen in Archean rocks of all 

compositions. The Lu-Hf isotopic data show considerable 

variation. The first part of this study establishes that 

the Lu-Hf system should be no more susceptible to 

disturbance than the Sm-Nd system during typical crust

altering events, so these initial €m variations are thought 

to be original. 

A Lu-Hf analysis of the garnet-bearing Late Archean 

Portman Lake granitoid complex in northern Canada 

illustrates the strong potential for garnet to induce large 

positive and negative €m anomalies in mantle or crustal 

source regions over geologically short periods of time 

(0.1 Ga). 

The Early Archean Hf isotopic data do not support the 



133 

existence of an early Earth global mantle stratification 

involving garnet. The possibility of short-lived upper 

mantle/lower crustal compositional heterogeneities involving 

garnet enrichment and depletion, is posed as an explanation 

for the anomalous Early Archean initial €HI values. 

The Lu-Hf results from the Portman Lake granitoid 

complex and the Early Archean samples suggest a new 

application of the Lu-Hf technique in crustal evolution. 

The susceptibility of Lu/Hf to large fractionations due to 

garnet may serve as a means of mapping crustal 

differentiation into lower and upper crust through time. 
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APPENDIX 1. SAMPLE DESCRIPTIONS 

Chapter 3. Harquahala granite sample descriptions 

Sample number and Description 

KB89-111 Least deformed Harquahala granite. Medium- to 
coarse-grained porphyritic granite, 40% microcline 
phenocrysts up to 3 cm in length. Plagioclase is 
subordinate. 20-30% quartz exhibits undulose 
extinction, sutured boundaries. 10% medium-grained in 
mats and pods. Finer-grained biotite scattered 
throughout. Sphene, epidote and zircon common trace 
phases. 

KB89-110 Similar to KB89-111. 
KB89-5 Protomylonite. 70% fractured porphyroclasts. 

Plagioclase more abundant than in other samples. 
Biotite is rare; 5%. Quartz aggregates highly 
deformed; new quartz grains visible. Abundant 
seriticization. 

KB89-1 Protomylonite. 80% porphyroclastic. Abundant 
plagioclase, rare biotite. Similar to KB89-5. 

KB89-9 Protomylonite to mylonite. 50% porphyroclasts. 
Large quartz aggregates are deformed. Fine-grained 
biotite about 10%. 

KB89-7 Mylonite. 10-15% porphyroclastic. Quartz 
aggregates poorly defined, strongly elongate. Matrix is 
fine-grained and homogeneous. Coarse-grained Muscovite 
and epidote are abundant (5-7%). 

KB89-6B Same as 6. 
KB89-6 Mylonite. 5% porphyroclastic. Highly deformed 

quartz aggregates broken by trails of recrystallized 
material. Matrix is very fine-grained alternating 
biotite-rich and quartz/feldspar-rich layers. Abundant 
muscovite and epidote. 

KB89-3 5% porphyroclastic. Quartz aggregates rare. 
Abundant muscovite. Calcite present. Very fine
grained biotite throughout the matrix. 

KB89-6A Ultramylonitic. Foliation is folded and 
crenulated. Very fine-grained biotite in sericite-rich 
matrix alternates with elongate quartz ribbons. 
Calcite veins are deformed. Chlorite present in 
matrix. 

KB89-2 Ultramylonitic. Similar to KB89-6A, with less 
biotite and muscovite. More chlorite than KB89-6A. 
Calcite veins present. 



Chapter 4. San Manuel porphyry deposit and Henderson 
porphyry deposit sample descriptions 

San Manuel porphyry deposit samples 
1.4 Ga Oracle granite 

RB90-ll0 Fresh granite, from road cut ca. 1 mile east of 
Oracle, Arizona. Coarse-grained, porphyritic 
quartz monzonite, with orthoclase, microcline, 
biotite and hornblende. Trace apatite, titanite, 
zircon and magnetite. 

RB90-lll Approximately 200 m west of sample RB90-ll0; 
similar mineralogically. 
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RB90-l09 Weak propylitic alteration. Biotite partly 
altered to chlorite. Plagioclase weakly sericitized. 
Quartz and R-feldspar unaffected. Coarse-grained 
apatite and zircon are abundant. 

RB90-l0a Proplylitic alteration. Biotite only partly 
altered to chlorite. R-feldspar unaffected. Minor 
carbonate. Apatite, zircon, epidote present. 

RB90-l07 Propylitic alteration. Biotite mostly altered to 
chlorite. Quartz is strained. Plagioclase weakly 
sericitized; twinning still visible. R-feldspar barely 
sericitized. All feldspars sericitized to some degree. 
apatite, zircon abundant. 

RB90-l0G Phyllic/argillic alteration. Very little fresh R
feldspar. Both argillic and sericitic alteration of 
feldspars. Biotite completely replaced by chlorite and 
sericite. Quartz strained. Large amounts of pyrite. 

RB90-l05 Phyllic alteration. Almost complete coarse
grained sericitic alteration of feldspars. Rare 
coarse-grained biotite is very washed out. Anhedral 
apatite masses common. Abundant pyrite. 

RB90-l00B Phyllic alteration. Plagioclase and most of R
feldspar completely replaced by sericite. Quartz only 
rarely recrystallized. Biotite is only partly 
chloritized. Apatite and zircon abundant trace phases. 
Pyrite present. 

RB90-l00A Strong phyllic alteration. All feldspar altered 
to sericite. R-feldspar rare to absent. Biotite 
highly chloritized, very washed out. Abundant coarse
grained anhedral masses of apatite. Rare pyrite. 

RB90-l03 Phyllic/weak potassic alteration. Occassional 
secondary R-feldspar. Much of the plagioclase is rimmed 
by secondary R-feldspar. Strong sericitic alteration 
of plagioclase and biotite. Abundant rutile, pyrite 
rare. 

RB90-l0lA Weak potassic alteration. Moderate quartz 
recrystallization, abundant fine-grained quartz 
veinlets. Sericite abundant. Secondary R-feldspar 
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abundant in matrix. Biotite replaced by fine-grained 
unoriented masses of chlorite and muscovite. Abundant 
zircon and apatite. 

KB90-101 Potassic alteration. Quartz almost completely 
recrystallized to fine-grained unsttrained masses. 
sericite abundant, scarce washed out light brown 
biotite. Rare pyrite. 

KB90-104 strong potassic alteration. Abundant clean 
secondary K-feldspar. The occasional plagioclase is 
rimmed with K-feldspar. Plagioclase weakly sericitized. 
Abundant recrystallized quartz, and relict quartz with 
sutured boundaries. Biotite only weakly sericitized 
but moderately chloritized. 

Monzogranite porphyry (0.07 Ga) 
From 1.5 meter wide dike in mine. 

KB90-102 Weak sericitic alteration. Plagioclase phenocrysts 
weakly sericitized. Fine-grained matrix of quartz and 
K-feldspar. Biotite only weakly altered to chlorite. 

Henderson porphyry deposit samples 
1.4 Ga Silver Plume granite 

HS82-53 Granite, unaltered. From type locality quarry ca 
12 km southeast of Henderson. coarse-grained porphyri
tic subhedral plagioclase, quartz, K-feldspar and m
icrocline. Biotite and muscovite approximately 20% of 
rock. Fluorite, apatite, and zircon abundant trace 
phases. 

P-202 Same as HS82-53. 
HS82-56 "Fresh" to moderate phyllic. 
HS82-57 strong phyllic alteration. 
HS82-15 strong phyllic alteration. 
HS82-58 Extreme phyllic alteration. 

0.027 Ga Henderson intrusive complex (see Fig. 8 for 
different intrusions) 

HS82-60 
HS82-14 
HS82-59 
HS82-62 
HS82-43 
HS82-9 
HS82-61 

Primos interior, fresh, aplitic. 
Urad porphyry, fresh. 
Urad porphyry, fresh, minor phyllic. 
Dailey stock, potassic flooding. 
Henderson porphyry, moderate potassic alteration. 
Henderson granite, potassic flooding. 
Seriate granite, potassic flooding. 
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Chapter 5. Archean gneiss suite sample descriptions. 

Amitsoq gneiss samples, West Greenland (from Moorbath et 
al., 1972) 

155701 
155703 
155704 
155706 
155711 
155717 
155733 
155737 
155763 
155768 
155769 
155774 
155807 
155810 
125519 
110870 
125523 

Leucocratic poorly banded granodiorite gneiss. 
Banded stretched granitic augen gneiss. 
Banded tonalitic gneiss. 
Leucocratic poorly banded granitic gneiss. 
Strongly banded dioritic gneiss. 
Homogeneous poorly banded grey granodioritic gneiss. 
Poorly banded dioritic gneiss. 
Banded granodioritic gneiss. 
Leucocratic poorly banded granitic gneiss. 
Leucocratic homogeneous granitic gneiss. 
Grey poorly banded granitic gneiss. 
Grey homogeneous granitic gneiss. 
Banded granodioritic gneiss. 
Homogeneous tonalitic gneiss. 
Banded tonalitic gneiss. 
Banded granodioritic augen gneiss. 
Banded granitic tonalitic gneiss. 

Uivak gneiss samples, Labrador. 

KB87-107 Tonalitic gneiss, layering on a scale of 1 to 2 em 
of alternating mafic and felsic bands. Partial 
migmatization; entire outcrop cut by numerous coarse
grained pegmatites. 

KB87-1080 Very homogeneous tonalitic gneiss. 
KB87-109B Less homogen~ous tonalitic grey gneiss. Layering 

on a scale of centimeters. Highly deformed and 
migmatized. 

KB87-114A Fine scale layering of tonalitic gneiss. unit cut 
by numerous Saglek dikes. 

Watersmeet gneiss samples, northern Michigan (from Sims et 
al., 1984). 

M45L 

M83 
01042 
M93 

M321A 
M321B 

Gray irregularly layered tonalitic gneiss. 
Alternating feldspar-quartz and biootite-rich zones 
define centimeter scale layering. 
Same as M45L. 
Same as M45L. 
Light gray fine- to medium-grained strongly layered 
gneiss. 
Gray medium-grained layered biotite gneiss. 
Same as M321A. 
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