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ABSTRACT 
Ten samples of Goodrich quartzite, collected from 
radioactive outcrops and glacial boulders in the Palmer 
Area, Marquette County, Michigan, were analyzed for 
the rare earth elements (REE) lanthanum to lutetium, 
thorium, and uranium.  Precious metals were also 
analyzed.  The rare earth elements, thorium, and 
uranium correlate very well with each other, indicating: 
1) the REE.  Th. and U abundance is controlled only by 
the total amount of detrital monazite present and 2) the 
composition of the monazite is constant throughout its L 
square mile area of occurrence.  The composition of the 
monazite can be calculated from the rock abundance of 
REE because other minerals in the quartzite are shown 
to be negligible in REE.  Normalized REE patterns are 
highly enriched in light end REE and show a large 
negative europium anomaly. The consistent composition 
of the detrital monazite is a good fingerprint for 
determining the source area of the monazite.  If the 
chemical composition of monazite in a local granite, or 

other rock type, matches that of the detrital monazite in 
the Goodrich, then a likely source area is indicated. 

INTRODUCTION 
The Palmer area is located approximately 20 miles 
southwest from Marquette, Michigan.  The Precambrian 
terrain in this region consists of Archean granites, 
granite-gneisses and greenstones plus lower Proterozoic 
metasediments and metavolcanics.  The metasediments 
and metavolcanics have been tightly folded to form the 
major structure in the area, the westward plunging 
Marquette syncline.  The Palmer area occupies about 4 
square miles and represents a downfaulted portion of 
the southern limb of the syncline.  Within the fault block 
of the Palmer area the three main formations are in 
ascending order, the Ajibik quartzite, the Negaunee iron 
formation and the Goodrich quartzite.  A comparison of 
the stratigraphy in the Marquette syncline with that in the 
Palmer fault block is shown in Table 1.  Details of 
geology can be found in Gair (1975); Leith. Lund, and 
Leith (1975); James (1958); and Vickers (1956). 

Table 1 
Generalized Stratigraphy - Marquette Syneline and Palmer 

Fault Block 

 
In 1951 Robert C. Reed, geologist working for L. P. 
Barrett, U.S. Atomic Energy Commission contractor, 
discovered anomalous radioactivity near Palmer, 
Michigan, on rock dumps of Goodrich quartzite near the 
Old Volunteer and Old Maitland iron mines. R. C. 
Vickers (1956) reported the radioactivity as due to 
thorium found in detrital grains of the mineral monazite. 
(Ce, La, Nd, Th) (PO4).  Vickers conducted detailed 
mapping of the Goodrich in the Palmer area and logged 
by gamma-ray technique three existing diamond drill 
holes.  The gamma ray logging indicated most of the 
monazite is located more than 300 feet above the base 
of the Goodrich.  Although monazite is more abundant in 
the upper part of the section, exposures of Goodrich are 
limited to the lower 200 feet of the formation.  
Spectrographs analyses of monazite concentrates made 
from outcrop samples provided a semiquantitative look 
at the REE makeup of the monazite. 
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Gair (1975) measured the thorium content of outcrops in 
the Palmer area and calculated a resource of 169,500 
tons of inferred thorium, most of it more than 300 feet 
above the base of the Goodrich. 

This report describes the results of 10 samples of 
Goodrich analyzed for the REE, thorium, uranium, and 
precious metals.  Those elements determined are shown 
in Table 2. 

SAMPLING 
Samples of Goodrich quartzite were collected in two 
general areas.  One in the Palmer fault block and 
another in a glacial boulder field of Goodrich quartzite 
located 3.5 miles southwest of the Palmer area in NW-
NW-Section 2-T46N-R27W (see Map A).  Map A shows 
the general location of these two areas in relation to the 
eastern part of the Marquette trough.  Map B and Map C 
show sample locations in the Palmer basin and the 
location of the boulder field, respectively. 

Approximately 0.5-1 kilogram of chip sample was 
collected at each sample location.  The samples 
collected represent the areas of highest radioactivity at a 
given outcrop, and are not representative of the outcrop 
area as a whole.  Quartzite samples rich in monazite 
allow a determination of the REE composition of the 
monazite without using special methods of separating 
the monazite from the other minerals in the quartzite.  
Using a whole rock REE analysis to represent the REE 
pattern of monazite is valid only if the REE abundance in 
the other minerals of the rock is very low compared to 
the REE abundance in monazite.  This is shown to be 
the case in a later paragraph. 

PETROGRAPHY OF SAMPLES 
Thin sections of the 10 Goodrich samples chemically 
analyzed show a lithology similar to the quartz pebble 
conglomerate described by Gair (1975).  Grains smaller 
than pebble size are dominated by angular to 
subrounded Quartz with minor microcline often partly 
altered to sericite and chlorite.  The matrix is dominated 
by sericite and grains of quartz.  Monazite occurs in the 
matrix as rounded fine to very fine sand size grains.  
Monazite is also a common inclusion in the quartz 
grains.  Sample GP-18, collected in the SW.SW. Sec. 
29. T47N. R26W. differs from the other nine samples 
becuase it contains chloritoid, which appears to be 
pseudomorphous after angular plagioclase grains (albite 
twinning seems to be present).  This occurrence of 
detrital chloritoid in the Goodrich is in addition to the 
occurrence in the center of Sec. 29 as mentioned by 
Gair (1975). 

RESULTS 
All analyses were done by neutron activation.  Elements 
determined were the REE, U, Th, Sc, and Au.  The 

abundance of these elements in 10 Goodrich samples 
are shown in Table 3.  As expected, those samples with 
highest monazite content are the most radioactive and 
yield the highest REE values.  Ce is the most abundant 
REE and has a range of 5050 ppm to 950 ppm.  In 
abundance Ce is followed by La (2825-490 ppm), Th 
(2300-450 ppm), and Nd (1500-250 ppm).  The 
maximum for all the other REE is less than 500 ppm. 

The rare earth elements La to Ho (57-67) plus Th and U 
(90 and 92) show a high degree of correlation with each 
other.  All element pairs in this group have correlation 
coefficients greater than 0.80 with many showing 
correlation coefficients greater than 0.90.  Of the 55 
possible pairs within this group 14 have a correlation 
coefficient greater than 0.99.  Some examples are 
shown in Figures 1 and 2. 

The heavier REE. Er, Tm, Yb, and Lu in general show 
moderate correlation coefficients (0.898-0.478) with the 
lighter REE elements.  Among themselves the 
correlation coefficient is high for Er vs. Tm (0.968) and 
Yb vs. Lu (0.938) but low (0.366-.48) for the other 
possible pairs. 

The normalized REE patterns are shown in Figure 3.  
The average chrondrite composition of Haskin et al 
(1968) was used for all REE except Dy (Schmidt et al; 
1963, 1964).  The REE pattern is highly enriched in the 
light end REE, and shows a strong negative Eu 
anomaly, a slight negative Er anomaly, and slight 
positive Tm anomaly. 

DISCUSSION 
Factors affecting the abundance of REE in the quartzite 
are the total amount of monazite present, REE 
composition of the monazite, and the amount of other 
minerals present.  The high degree of correlation of the 
REE elements among themselves indicates monazite is 
the mineral controlling total REE abundance.  The high 
degree of correlation also indicates the monazite has a 
very consistent composition.  One can then visualize the 
REE abundance in the Goodrich as due to a mechanical 
mixture of monazite grains of constant composition with 
grains of other minerals containing negligible REE.  As 
the monazite content of the mixture varies, the ratio 
between two REE in the mixture remains the same; but 
the total amount of the two REE varies in direct 
proportion to the amount of monazite present.  Analyzes 
of two REE in mixtures containing varying amounts 
monazite would show a linear fit when one REE is 
plotted against another. 

REE in the four samples from glacial boulders in NW 
NW Section 2, T46N, R27W correlate in the same 
manner as REE in Goodrich outcrops in the Palmer 
area.  Therefore the monazite in the quartzite glacial 
boulders is the same composition as monazite in the 
Palmer area.  This leaves little doubt the quartzite glacial 
boulders in Section 2, T46N, R27W are from the 
Goodrich formation in the Palmer area, especially since 
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monazite has not been found in any abundance in 
Goodrich outcrops outside of the Palmer basin.  The 
length and direction of glacial transport from the Palmer 
area is about 3 miles to the southwest. 

Muscovite and K-feldspar are two minerals present in 
the quartzite which may contribute to the amount of REE 
present.  Yet these two minerals apparently do not 
contribute significantly to the total abundance.  Using 
typical values of REE elements found in mica and 
feldspar (Graf, 1977), a mass calculation indicates the 
contribution to the total REE abundance from mica and 
feldspar is minor compared to the contribution from 
monazite.  Exceptions may be Eu, Tb. and Lu.  These 
elements are low enough in concentration that a 
significant amount of their total abundance may be due 
to contributions from mica and feldspar.  But monazite 
still exhibits dominant control.  Eu which is particularly 
depleted compared to other REE (see Figure 3), still 
correlates well with Ce, La, and Pr, indicating control by 
monazite (Figure 4).  Finally, Vickers (1956) used alpha-
sensitive stripping on thin sections of the quartzite and 
determined that almost all the radioactivity is due to 
monazite. 

U correlates well with Ce, La, No (Figure 5), and most of 
the other REE; indicating monazite also controls the 
amount of U present.  All of the correlation lines 
converge on the intercept of 10 ppm U when no La, Ce, 
or Nd is present (i.e. no monazite is present) as shown 
in Figure 5.  This indicates the Goodrich contains two 
types of U.  The first type is background U at 10 ppm.  
The second type is U found only in monazite.  The 
possibility also exists that the 10 ppm of “background U” 
is due to background in the counting instrumention.  That 
is, when no U was actually present, the counting 
instrument gave a reading of 10 ppm. 

The composition of the mineral monazite can be 
estimated by calculation once the following assumptions 
are made: 

1)  the mineral is free of Yttrium (element no. 39). 
Deer, et al (1962) give three analyses of monazite 
with Yttrium oxide (Y2O3) having an abundance of 
4-5 weight %. 

2)  the mineral is free of calcium, iron and silica. Deer 
et al, state that silica is usually present in small 
amounts and the substitution Si+4 Th+4  Ce+3, P+5 
occurs under these conditions. 

The calculated composition of the monazite, using the 
two assumptions above, is shown in Table 4.  The 
assumptions should only introduce minor errors in the 
calculated composition. As a comparison Vickers (1956) 
gives two chemical analyses of monazite concentrates.  
His values for ThO2 and U3O8 can be extrapolated for 
the concentration expected in pure monazite. The 
resulting percentages of 11.5% Th02 and 0.31% U3O8 
agree well with the corresponding calculated 
percentages of 12.2% and 0.30% shown in Table 4. 

Conclusions 
The high correlations between REE pairs indicates the 
detrital monazite located in the lower part of the 
Goodrich quartzite has a consistent composition 
throughout the 4 square miles of the Palmer fault block.  
Monazite located more than 200 above the base of the 
Goodrich was not sampled because this part of the 
formation is not exposed.  The calculated content of 
ThO2 and U3O8 in the monazite is 12.2% and 0.30% 
respectively.  These percentages also represent the 
upper limit of ThO2 and U3O8 in a Goodrich heavy 
mineral placer.  Under these unlikely conditions, the 
heavy mineral placer would consist of only monazite. An 
exception to this limit could exist if the composition of the 
monazite becomes richer in ThO2 and U3O8 higher in the 
stratigraphic section of the Goodrich. 

The consistent composition of the monazite is a good 
“fingerprint” for determining the source area of the 
monazite.  If the chemical composition of monazite in a 
local pegmatite or granite matches that of the monazite 
in the Goodrich, then a likely source area is indicated. 
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Table 2 
Rare Earth and Related Elements Determined in 10 Samples 

of Goodrich Quartzite. 

 
Table 3 

Rare Earth Elements, Thorium, Uranium and Precious Metal 
Analyses of Goodrich Quartzite, Palmer Area 

All values in ppm except Au = ppb 

 
Table 4 

Calculated Composition of the Detrital Monazite in the 
Goodrich Quartzite, Palmer Area, Marquette County, Michigan 

 

APPENDIX 
CORRELATION COEFFICIENTS 

NO. OF SAMPLES = 10* 
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Figure 1.  Nd vs. La, Goodrich quartzite.  Correlation 
coefficient, r = 0.9989, the highest correlation coefficient found 
among all the possible pairs. 

 
Figure 2.  Th vs. Ce, Th vs. La, and Th vs. Nd, Goodrich 
quartzite.  Correlation coefficients are 0.9947, 0.9986, and 
0.9978 respectively. 
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Figure 3.  Normalized REE pattern for 10 Goodrich quartzite 
samples.  Six are outcrop samples while four are glacial 
boulder samples. 

 
Figure 4.  Ce vs. Eu, La vs. Eu, and Pr vs. Eu, Goodrich 
quartzite.  Although Eu is depleted in the quartzite (see Figure 
3), the fair to good correlations with Ce, La, and Pr indicate Eu 
abundance is controlled by monazite content. 

 
Figure 5.  U vs. Ce, U vs. La, and U vs. Nd in the Goodrich 
quartzite from the Palmer fault block, Marquette County.  
Correlation coefficient for the three lines shown is 0.96.  Six 
elements correlate with U with a correlation coefficient greater 
than 0.92.  The intercepts for these regression lines range from 
8.5 to 11.1 ppm U.  The 10 ppm intercept most likely 
represents instrument background.  Otherwise the 10 ppm U 
represents U not found in the mineral monazite. 
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