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SPECTROSCOPIC GEOCHEMICAL STUDY OF VANADIFEROUS MARINE SEDIMENTS
OF THE GIBELLINI CLAIMS, SOUTHERN
FISH CREEK RANGE, EUREKA

COUNTY, NEVADA

By
Je K. Bohlke, Arthur S. Radtke, Chris Heropoulos, Paul J. Lamothe

ABSTRACT

Samples of cuttings from three drill holes in the Gibellini claims were
analyzed by emission spectroscopic techniques for a large suite of major and
trace elements. Unoxidized siliceous "black shale" from drill hole NG47 is
strongly enriched in Cd, Mo, Sb, Se, V, and Zn, and also contains relatively
high concentrations of As, Ba, Cu, Ni, and Tl compared with nonmetalliferous
shales. Analyses of 103 samples plotted against depth in drill holes NG4,
NG31, and NG47, and selected XRD data, show the following:

1. Groups of elements with distinct distribution patterns define most of
the major mineralogic components of the rocks. The "normal shale' component,
which includes several detrital and authigenic phases, is indicated by
covariations among Ti, Al, Fe, Na, Mg, K, B, Be, Co, Cr, Ga, La, Sc, Sr, and
Zr. The shale component is diluted by varying amounts of the following
minerals (and associated elements): silica (Si); dolomite (Mg, Ca, Mn, Sr);
apatite (Ca, Be, Cr, La, Sr, Y); barite (Ba, Sr); sphalerite (Zn, Cd, Fe?);
smithsonite (Cd, Co, Mn, Ni, Zn); bianchite (Cd, Ni, 2Zn); and bokite (V).
Pyrite, gypsum, and jarosite were also identified.

2. The highly siliceous kerogenous metalliferous Gibellini facies is
underlain by argillaceous and (or) dolomitic rocks. The transition zone
deduced from the chemical data is not well defined in all instances, but
probably represents the bottom of the black shale deposit.

3. Oxidation has reached to variable depths up to at least 150 ft, and
has caused profound changes in the distributions of the enriched metals.
Molybdenum, Se, and V have been partially removed from the upper parts of the
sections and are concentrated near or slightly above the base of the Gibellini
facies. Cadmium, Ni, and Zn have been strongly leached and now occur at or
below the base of the Gibellini facies.

The variable depth of oxidation, the redistribution and separation of the
metals, and the complex mineralogy of the deposit may make development of the
claim complicated.



INTRODUCTION

Sedimentary rocks rich in organic matter in the western United States are
increasingly interesting as potential sources of both petroleum and strategic
metals. Rocks underlying the Gibellini c¢laims in Eureka County, Nev., are
currently being evaluated as a source of vanadium, which reaches
concentrations on the order of 1 to 2 percent (V,05). These rocks contain as
much as 10 percent organic carbon, and are also significantly enriched in Ag,
As, Cd, Mo, Ni, Sb, Se, T1, and Zn.

In this paper we report a detailed geochemical analysis of samples from
three drill holes at the Gibellini claims in the Fish Creek Range, Eureka
County, Nev. A large number of samples has been analyzed by a combination of
photographic and automatic direct-reading semiquantitative spectroscopic
techniques in order to follow variations of major- and trace-element contents
with depth in the section. The main objectives in reporting these data are:

1. To record the range and variability in the concentrations of many
elements in an organic-rich, V-rich sedimentary deposit, for comparison with
other similar deposits.

2. To correlate the occurrences of the elements and speculate on the
mineralogical controls of their distribution.

3. To determine the general geologic, stratigraphic, and alteration
features in the chemical section.

The spectroscopic methods used in this investigation may not provide
accurate assays of some of the important metals of the deposit; however, the
significant features of element distribution with depth are readily determined
from closely spaced, internally precise, semiquantitative data. Work 1is
currently being done to quantify some of these results and to correlate the
metal distribution patterns with carbon and sulfur data.

ACKNOWLEDGMENTS

We wish to thank Louis Gibellini for access to materials and for
permission to publish the data presented here. Terry Fries assisted with the
D.R. spectroscope. R. K. Hose and G. Desborough offered essential discussion
and helped improve early versions of the paper. C. Steele and C. Hayashida of
the Computer Center Division wrote a flexible interactive program for
displaying the chemical data, as in figure 3. D. Fromholz typed and corrected
earlier drafts of the report, and Lowell Kohnitz photographed the sample
panels for figure 3.

PREVIOUS WORK

The need for systematic study of the metal contents of sedimentary rocks
was pointed out by Krauskopf (1955). Silver, Cr, Mo, Nb, Ni, Pb, V, and Zn
are among the elements that Krauskopf suggested might be found in economic
quantities in organic-rich (black) shales. Subsequent studies have proven
that a number of elements are present in very high concentrations in black
shales. Davidson and Lakin (1961, 1962) compiled semiquantitative analyses of
several different Paleozoic black shales in the United States, and showed that



the Cr, Cu, Mo, Ni, V, and Zn contents of these shales are as high or higher
than those indicated by Krauskopf (1955).

Tourtelot, Schultz, and Gill (1960) analyzed 69 samples of bentonite,
shale, claystone, and marlstone from the Pierre Shale in the western United
States. They found that shale and claystone samples rich in organic carbon
(>1.0 percent) have the highest mean contents of As, Cu, Mo, Se, U, and V.
Boron, Cr, and Zn also tend to be concentrated in organic-rich samples.

In a series of papers, Vine and coworkers showed that many of the major
and trace elements in black shales could be assigned statistically to one or
more of three main components of the rocks in which they occurred (Vine, 1966,
1969; Vine and others, 1969). The rock components are (1) detrital sediments,
(2) chemical or biological precipitates, and (3) organic matter. A summary of
statistical studies of 20 sample sets of black shales in the United States
indicates that the elements are distributed roughly as follows: Ti, Al, Ga,
Sc, and Zr (+, Fe, Mg, Na, K, B, Ba, Be) in the detrital fraction; Mg, Ca, Mn,
and Sr in carbonates; Ag, Cr, Cu, Mo, Ni, V, and Zn (+ Co, La, Pb, Se, Tl1, U,
Y) with organic matter (Vine and Tourtelot, 1970).

Many of these associations differ from place to place or are
statistically rather poorly defined. Vine and Tourtelot (1970) suggest that
the metal-enrichment patterns in black shales are dependent on the
availability of metals in the various solutions which interact with the shales
during deposition, diagenesis, and later events. Late element remobilization
and rock alteration (including oxidation) could well mask or change the
distribution patterns established during earlier events. Ef fects such as
these may be difficult to sort out using statistical correlations.

A few analyses have been published of black shale samples from the Fish
Creek Range itself. Partial semiquantitative analyses of 26 samples are
summarized by Davidson and Lakin (1961). Their ranges for 11 elements are
roughly similar to those .reported here, except that we have found higher
concentrations of Ni, V, Mo, and Se in a number of samples. Of six black
shale deposits in the western United States studied by Davidson and Lakin
(1961), the Fish Creek Range materials seems to have a relatively low Ag
content.

Desborough and others (1979) report V, Zn, Se, Mo, and o0il analyses of 20
samples from two drill holes in the Gibellini c¢laims. Vanadium and Se
concentrations appear to be related, as are Zn and Mo, but the o0il content
does not follow closely with either of these pairs. The most significant
variations in metal content occur with depth, and are presumably related to
recent oxidation of the wupper part of the section. Oxidized (bleached)
samples from deep in the holes are relatively depleted in Zn and Mo, and
enriched in V and Se. In unoxidized (black) samples these metals are
distributed among syngenetic phases as follows: V and Se in organic matter
(kerogen), Mo in both organic matter and molybdenite, and Zn in sphalerite
(Desborough and others, 1979). It is the purpose of the present study to
refine and extend these results using more complete sampling and analyzing for
a larger suite of elements.



GEOLOGIC SETTING

The general geology in the area of the Gibellini vanadium claims is
described by Roberts, Montgomery, and Lehner (1967), Hose (1978), and
Desborough and others (1979), and the pertinent regional stratigraphy is
summarized in Poole and Sandberg (1977) and Poole, Sandberg, and Boucot
(1977). The vanadium—-rich rocks of the Gibellini claims were deposited
offshore in a north-south-trending (back-arc?) basin. They were thrust
eastward, perhaps as a reactivated part of the Roberts Mountains thrust
system, and emplaced above rocks deposited nearer the eastern margin of the
basin.

Earlier interpretations placed the kerogenous, metalliferous section in
the Gibellini facies of the Devonian Woodruff Formation, which was thrust over
allochthonous and parautochthonous Mississippian rocks (Hose, 1978; Desborough
and others, 1979). Recent work suggests that the Gibellini facies may
actually be a part of the underlying allochthonous Mississippian section, now
called the Bisoni Formation (R. K. Hose, oral commun., 1980). The
interpretation of ages and contact relations of rocks within the Gibellini
claims is subject to change, owing to the extreme structural complexity of the
area. A tentative geologic map of the area near the Gibellini claims, based
on recent interpretations by R. K. Hose, is given in figure 1.

The drill holes sampled for this study are from a small north-south
trending hill (Ridge 7129) in the southern Fish Creek Range which consists
almost entirely of highly deformed kerogenous Gibellini facies rocks. Ridge
7129 appears in figure 1 as an isolated mass of Gibellini facies, overlying
nonmetalliferous siliceous and calcareous facies of the Bisoni Formation, and
in thrust contact with the parautochthonous Antelope Range Formation. Three
vertical sections are drawn in figure 2 to illustrate relationships between
the drill holes and surface geology. The Gibellini facies consists of
siliceous mudstone, siltstone, and chert containing abundant amorphous
sapropelic material when fresh. The rocks are strongly folded, fractured, and
imbricated; however, kerogen analysis indicates a fairly low temperature,
shallow-burial history since deposition (Desborough and others, 1979). G. A.
Desborough (oral commun., 1979) believes that the entire section of Gibellini
facies in Ridge 7129 was originally enriched in metals and organic matter,
though much of it has since been oxidized.

ANALYTICAL METHODS

A total of 103 samples from three drill holes in the Gibellini vanadium
claims in the Fish Creek Range, Nev., were analyzed spectroscopically by a
combination of photographic and automated direct-reading techniques. In
addition, X-ray diffraction patterns were obtained from smear slides of
several whole-rock samples which most nearly represent the chemical end
members.

The samples consist of drill cuttings collected in 5 ft increments. Each
sample therefore represents 5 ft of vertical section. The cuttings were
subsampled, crushed in a steel mortar and ground by hand in an alumina mortar
to approximately =200 mesh.
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Forty-one elements were analyzed simultaneously using a Jarrel-Ash 1.5 m
direct reading emission spectrometer (D. R.) equipped with a d.c. arc
excitation source. In the D. R., exit slits are placed at preselected
positions on the focal curve of the instrument so that only light of chosen
wavelengths can pass through to photomultiplier tubes (table 1). Computer
controlled readout electronics permit integrated light yields to be recorded
for up to 60 lines after a single 90 second exposure.

All materials, i.e. standards, samples or buffer were ground to =200 mesh
before mixing. Charges were prepared by mixing sample, RbCl buffer, and
graphite in a ratio of 4:1:7.5 respectively, and then pack loading a 40 mg
charge into a 3/8 inch undercut electrode. Pd and Ge were added to the
graphite for use as internal standards. All charges were preheated overnight
at 110°C before excitation. Samples and standards were burned in duplicate by
arcing each charge for 90 seconds in a 70 percent Ar/30 percent O, atmosphere
using a stepped-current program (3 seconds at 3 amps, 10 seconds at 8 amps,
then 77 seconds at 15 amps).

Standard curves for each element were prepared by using International
standard rocks, U.S. Geological Survey standard rocks, and serial dilutions of
synthetic standards made from specpure compounds. The matrix used for
dilutions of both standards and samples is a synthetic pegmatite (SPB) made by
mixing 60 parts of spectroscopically clean quartz with 40 parts of synthetic
microcline. The synthetic microcline is made by fusing for 4 hours at 1,000°C
a mifture of 1 part SK (as K,CO3), 1 part Al (as Al,04) and 3 parts Si (as
§105)

The volatile elements (As, Au, Bi, Cd, Hg, Pb, Sb, Se, Tl, Zn) were
analyzed both semiquantitative and quantitatively using short wavelength
radiation (SWR) photographic techniques, between 190 and 310 nm wavelength.
For all SWR analyses, 80 mg charges were prepared from 40 mg sample (either
diluted or undiluted) and 40 mg graphite (containing 20 percent CsCl). The
charges were arced at 30 amps in an argon atmosphere.

For semiquantitative analyses each sample was arced for 90 seconds.
Concentrations were determined by wvisual comparison of sample spectra with
standard spectra obtained using identical conditions. The standard U.S.
Geological Survey system of dividing each decade of concentration into six
equal logarithmic steps was used.

For quantitative analyses, each sample was arced twice for 145 seconds,
once undiluted and once diluted with an equal amount of SPB. One-hundred
parts per million (ppm) Te was added to the graphite (containing 20 percent
CsCl) as an internal standard.

Replicate analyses of a small group of samples by all of the above
methods and by the standard emulsion (IITI-0) semiquantitative photographic
technique indicate that for most elements the agreement among the different
spectroscopic methods is within the accepted precision of the semiquantitative
techniques. The main advantage of the D. R. method, aside from its speed and
convenience, 1is the fine relative precision of analyses obtained from a
sequence of samples. This relative precision allows visual correlation of
element distribution patterns.



The data reported in table 1 were obtained by what we believe to be the
"best method”" among those employed for each element. The chosen techniques
are listed in the caption with the limits of detection. Discrepancies among
absolute concentrations determined by different methods for Ag, Cd, Cr, and
Zn, and Zr are discussed briefly in the appendix but generally have little
effect on the distribution patterns of these elements with depth.

DESCRIPTION OF DRILLED SECTIONS

The photographed sections which appear in figure 3 were constructed from
alcohol smear slides of the sample powders that were used for analysis. The
color of each sampled interval was taken from the dried surface of the smear
slide using the Munsell Soil Color Charts (1975 ed.) as a guide.

The colors of the sample powders range from very pale brown (mostly in
the upper parts of the holes) to very dark grayish brown. Fresh dark
organic-rich rock is found throughout a fairly large portion of NG47, but is
absent or rare in NG4 and NG3l. The lighter intervals are presumed to have
been bleached by oxidation of the organic matter. This bleaching has occurred
to considerable but variable depths from the surface. There is also a deep
narrow bleached zone in NG31, which may indicate a second zone of oxidation,
perhaps related to a zone of major weakness (or high permeability) in the
rock.

The last few samples in the bottom of each drill hole are almost neutral
gray. Though they are fairly dark, these deepest rocks do not appear to
contain abundant organic matter.

Core loggers’ descriptions, along with surface samples, drill cuttings,
and descriptions by Desborough and others (1979), indicate that the Gibellini
facies consists of sapropelic siltstone, mudstone, and chert with very little
carbonate. The stratigraphy of the deposit is disrupted by intense fracturing
and faulting. In the following discussions, the originally organic~-rich
metalliferous Gibellini facies rocks are termed '"black shale,"” following the
nonrestrictive use of this term by Vine and Tourtelot (1970).

The Mississippian section beneath the Gibellini facies consists of
siliceous and calcareous rocks (Hose, 1978).

X~-RAY MINERALOGY

Interpretations of the X-ray diffraction patterns obtained from selected
whole sample powders are summarized in table 2. Quartz and 1llite are
dominant, and most samples contain 1lesser amounts of potassium feldspar,
pyrite, and a 7A clay mineral. A component of the 7A phase is tentatively
identified as Fe-chlorite because very weak 14A peaks were obtained from two
fine-grained samples which had been separated by suspension in distilled
water; however, kaolinite may also be present.

Apatite, dolomite, barite, gypsum, jarosite, sphalerite, smithsonite,
bianchite, and bokite were each detected in a few samples. Bokite 1is
tentatively identified on the basis of small diffraction peaks at 10.5 and
3.5A whose intensity varies with the V content of rocks in part of NG3l.
Bokite was also tentatively identified in fracture coatings of surface samples



Table 2. Summary of whole-rock X-ray diffraction data

Sample

Minerals other than quartz1

Unidentified peaks

RG4:  (40-45)
(45-50)

(175-180)

(180-185)

(185-190)

(205-210)

(210-215)

(230-235)

NG31: (5-10)

(50-55)

(60-65)

(80-85)

NG47: (95-100)

(100-105)

(155-160)

(180-195)

illite, pyrite, (7A clay), (apatite?)

illite, (potassium-feldspar)

dllite, potassium-feldspar, bianchite, 7A clay,
pyrite, jarosite

i111ite, potassium-feldspar, bianchite, pyrite,

jarosite, gypsum, 7A clay, (apatite?), (dolomite?)

dllite, dolomite, gypsum, potassium-feldspar,
7A clay, pyrite, barite?, (apatite?)

illite, potassium-feldspar, 7A clay, pyrite,
gypsum, jarosite, (sphalerite?)

dolomite, illite, pyrite, potassium-feldspar,
gypsum, 7A clay, (apatite?)

dolomite, illite, potassium-feldspar, 7A clay,
pyrite, (apatite?)

apatite, illite

illite, bokite?, apatite

potassium-feldspar, illite, barite, 7A clay

illite, potassium feldspar, 7A clay,
smithsonite, pyrite

illite, (apatite), (gypsum?)

apatite, illite, dolomite?, gypsum?

illite, sphalerite, pyrite

il1lite, potassium-feldspar, (sphalerite?)

5.7, 3.5, 2.99, 2.87

3.5, 2.99

3.5, 2.99

5.7, 3.5, 2.99

3.5, 3.00

3.5, 2.99

3.5, 2.99

3.5, 3.0

(3.89), (2.16)

3.78, 2.99,

(1.90), 1.61

1.61

1.90, 2.16

lgnderlined minerals are abundant, those in parentheses are barely detectable



by Zientek, Radtke, and Oscarson (1979). Likewise, bianchite and smithsonite
were each identified by a 1limited number of X-ray peaks which vary in
intensity with Zn content in parts of NG4 and NG3l, respectively. 1In the
interval NG4 (175-190), the apparent abundances of bianchite and jarosite are
inversely poportional to those of dolomite and gypsum.

MAJOR- AND MINOR-ELEMENT CHEMISTRY

Variations in element concentrations with depth in each drill hole are
shown graphically in figure 3. Most of the following conclusions are derived
from visual analysis of figure 3. Combined statistical analysis of the data
is precluded largely by the effects of oxidation, but also by primary
lithologic changes. Several elements have been mobilized and reconcentrated,
resulting in a high degree of variability of concentrations. Also, the
mobilized elements and some others (such as Ca, Mg) reside in different phases
in different places.

Details of the distribution of each element are described in the
appendix. The following section is a summary and discussion of the major
observations.

DISCUSSION

Rock components

Visual analysis of element concentration vs depth patterns in each of
three drill holes (fig. 3) generally provides a clear distinction among the
major components of the rocks. A rock component is defined by an element or
group of elements that has a distinctive depth profile. For example, Ti, Al,
K, B, Zr, and despite limited data, Na, Ga, and Sc, follow almost identical
variation trends through most of the drilled intervals. These elements
constitute the "shale" component of the rocks, which is similar to Vine and
Tourtelot’s (1970) "detrital component". Their term is not used here because
the distinction between detrital (e.g. illite) and authigenic or diagenetic
(e.g. feldspar, pyrite) contributions for certain elements 1is not always
clear, though variations in ratios such as K:Ti and Fe:Ti probably indicate
that such a distinction could be made. Portions of Mg, Fe, Be, Co, Cr, La,
and Sr are also assigned to the '"shale" component. In many instances the
distributions of the minor elements can be definitely correlated with the
occurrence of identified minerals, though they may be associated with
different minerals in different places. In some instances, such correlation
is ambiguous. For example, a given minor-element anomaly may correspond to a
peak in the distribution of an identified mineral, but peaks in the same
mineral elsewhere may not correlate with anomalies in the same element.
Either the correlation is fortuitous, or some of the minerals have widely
varying trace-element compositions. Finally, several elements appear to occur
more or less independently (e.g. Cu, Pb, As). These elements may be present
as major components of minor minerals, or in some instances, may be tied up to
varying degrees with organic materials. The main identifiable mineral
components (underlined), together with their associated elements (parentheses
indicate questionable associations), are given below.
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The distribution of free silica is indicated by the pattern of Si
concentrations 1in excess of those required by the silicate minerals of the
"shale" fraction. Silica is dominant as an independent phase in the Gibellini
facies, but 1is 1less abundant toward the bottom of the drilled section.
According to Desborough and others (1979) silica occurs both in primary
concentrations (e.g. chert beds) and as secondary deposits (e.g. opaline
veins) in the Gibellini facies.

Dolomite is a major constituent near the bottom of NG4. Dolomite
apparently contains the bulk of the Ca, Mg, Mn, and Sr in this section.

Apatite is probably present in small amounts through much of the section,
but it is anomalously abundant in several samples from within the Gibellini
facies. Apatite-rich samples, indicated by certain peaks in Ca content, are
somet imes accompanied by anomalies in (Ag), Be, Cr, (Cu), La, Sr, and Y. The
irregular association of these trace elements with "apatite'-Ca could indicate
that the "apatite" phase has a variable composition. Alternatively,
diagenesis, faulting, or other conditions which may ultimately have caused
apatite to be locally concentrated, could have also favored 1local
concentrations of trace elements.

Narrow zones rich in barite occur toward the bottoms of all three drill
holes. Barite is not associated with significant quantities of the other
trace elements except Sr, which is apparently enriched in only one of the
barite-rich samples. As with apatite, it may be either that barite has
variable Sr content or that a separate Sr-phase was concentrated in the one
sample along with the barite.

Most of the significantly enriched metals of the deposit are clearly not
related with any of the above components. Desborough and others (1979) found
Cd and Zn in sphalerite, Mo in molybdenite, and Mo, Se, and V in organic
matter in unoxidized samples. Sphalerite has been detected in NG47 in two
deep samples that have very high Zn and Cd concentrations. In the unoxidized
interval from about 125 to 190 ft in Ng47, the distributions of Cd, Mo, Ni,
Se, V, and Zn have vague similarities which may reflect sympathetic "primary"
stratigraphic or structural zoning of these metals in the black shale.

The highest concentrations of enriched metals do not appear to be primary
occurrences, but rather are found in secondary phases, some of which clearly
indicate that oxidation has taken place.

Bianchite (ZnSO4‘6H20) is the major Zn phase in the Zn-rich zone deep in
NG4. The highly similar distribution patterns of Cd, Ni, and Zn in this hole
suggest that Cd and Ni are present in either bianchite or chemically similar
sulfate phases, such as nickel hexahydrite (N1504'6H20). Likewise, Cd, Co,
Mn, and Ni apparently occur in smithsonite or independent carbonates in the
Zn-rich zone deep in NG3l.

Bokite (KAl;Fe(V,¢04¢°30H,0) is tentatively identified as the principal V
phase in the highly enriched 2zone in NG31. Molybdenum, Se, and V do not
appear to be related mineralogically, though all tend to be highly
concentrated at comparable depths.

11



Lower boundary of the deposit

The Gibellini facies 1is described by Desborough and others (1979) as
consisting of organic-rich bedded siliceous mudstones, siltstones, and
cherts. These rocks are highly fractured and altered, and are bounded, at
least in the north, by faulting. Element distribution patterns (fig. 3)
strongly suggest that the base of the metalliferous Gibellini facies was
penetrated by drilling. The following features are observed at depth: (1) a
marked change in lithology is indicated by increase in the '"shale” and (or)
dolomite components at the expense of silica; (2) the concentrations of
several enriched elements such as As, Sb, Tl, and V fall more or less abruptly
to low concentrations; and (3) the colors of sample powders change from light
or dark brown or almost black to neutral gray. Preliminary analyses of
samples from the bottom of NG4 and NG3l indicate that the neutral gray rocks
contain about 1 percent organic C. These changes occur at depths which are
compatible with fairly simple projection of the surface map boundaries through
the drill holes in figure 2. 1In NG31l, a conspicuous deep zone of strongly
bleached rock (fig. 3) may mark the location of a fault. This could be the
projection of the high-angle bounding fault at the surface in section A.
Unfortunately the changes in lithology, selected-element concentrations, and
rock color are not precisely coincident. 1In NG47, the lowermost interval is
dolomitic, but other evidence for a contact is obscure. In part, the
indefinite nature of the contact in all three holes is probably the result of
imbricate faulting or other structural disturbances accompanied or followed by
downward movement of chemical constituents of the black shale into the rocks
below.

Dolomite is known from Devonian rocks of the Woodruff and Davis Springs
Formations, but has not been found in surface exposures of Mississippian rocks
in the vicinity of the Gibellini claims (R. K. Hose, oral commun., 1980). If
the Gibellini facies is considered to be part of the Mississippian Bisoni
Formation, then the occurrence of dolomitic rocks near the bottom of holes NG4
and NG47 is anomalous. If the Gibellini facies and the dolomite are part of
the Devonian Woodruff Formation, then the fault separating these rocks from
the underlying Mississippian rocks was not penetrated by the drill holes,
except perhaps in NG3l.

In either case, the chemical data indicate that the dolomitic rocks
beneath parts of the south end of Ridge 7129 were originally
nonmetalliferous. The major element distributions in figure 3 suggest that
argillaceous rocks occur just above the dolomitic section in NG4 and NG47. It
is not clear whether this transition zone between the upper siliceous zone and
the lower dolomitic zone was part of the metal-rich "black shale.”" Much of
the metal content of the argillaceous and carbonate-rich rocks near the bottom
of all three drill holes was apparently derived from above during oxidation of
the deposit (see below).

It is concluded that the drill holes bottomed in rocks which were
originally nonmetalliferous, but which have received secondary deposits of
metals that were leached from above by oxidation. Based on the distributions
of metals in NG4 and NG31, it is considered unlikely that these secondary
enrichment zones extend much deeper than has been drilled. Because of
uncertainty about the geology under the deposit, however, it 1is not known
whether other "black shale” horizons might be encountered at greater depths.
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Composition and origin of the black shale

Because of the effects of oxidative alteration on the element
distribution patterns in the drill holes, some selection is required to obtain
a representative analysis of black shale from the Gibellini facies. For the
following discussion, an average composition has been calculated from the
interval of NG47 between 130 and 175 ft, where the effects of oxidation and
leaching are believed to be minimal, and where the primary lithology (as
deduced from the chemical data) appears to be uniform.

The possibility that certain of the spectroscopic determinations are
systematically in error (such as Ag, Cd, Co, Cr, Zn, and Zr--see app.) may
alter this average composition somewhat. With the possible exception of Cr,
these errors should not change the general conclusions reached with regard to
metal enrichment. The further possibility that some elements (such as Zn, Cd)
may be enriched by secondary deposition in this section after being leached
from above is potentially more serious. However, the very rough covariation
among Cd, Mo, Ni, Se, V, and Zn in the unoxidized interval is suggestive of a
primary enrichment pattern.

Compared with normal shale (table 3, cols. 1, 2), the Gibellini facies is
strongly depleted in the '"shale" component (e.g. Ti, Al, Fe, K, Zr). These
elements are fairly uniformly diluted by free silica. Potassium and Al
contents are slightly high, relative to Ti, Fe, and Zr possibly because the
Gibellini facies contains an unusually high proportion of authigenic potassium
feldspar. It is interesting that B, which correlates well with the 'shale"
component graphically, shows no depletion relative to the average shale.
Degens, Williams, and Keith (1957) found that the B content of carboniferous
shales in the eastern United States is roughly proportional to the salinity of
the depositional environment (marine, brackish, or fresh water). The
relatively high B content of the Gibellini facies "shale" may indicate that it
was deposited in highly saline conditions, though there is no substantiating
evidence for this. The Gibellini rocks are especially poor in Mg, Ca, and Na.

The dark-colored segment of NG47 is highly enriched (by greater than one
order of magnitude) in Cd, Mo, Sb, Se, V, and Zn compared with 'normal
shale." It is enriched by about 2 to 5 times in As, Ba, Cu, Ni, and T1.
Silver is probably also highly enriched as it was detected in several samples
at levels of greater than 1 ppm (see also discussion of Silver in app.).
Compared with Vine and Tourtelot’s (1970) definition of "metal-rich black
shale," the selected interval is noteworthy only for its Ba, V, and Zn
contents. None of these enriched elements are associated with the silica,
"shale," carbonate, or apatite components of the rocks. Several are known to
occur in organic matter (Mo, Se, V) or associated sulfides (Cd, Zn) in
unoxidized samples (Desborough and others, 1979). It is not known how or when
the enrichment in these elements took place, but it is likely that highly
reducing conditions and (or) abundant organic material are related to the
cause. Vine and Tourtelot (1970) concluded that large numbers of statistical
geochemical studies of black shales were not helpful in differentiating
environments of deposition of the shales. This fajlure was attributed to
diagenetic and later alterations of the shale compositions, which obscured the
syngenetic chemical patterns.
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Table 3.

Comparison of unoxidized Gibellini facies black shale with "normal shale" and seawater

NG47 "Normal shale" Bnrichment Modern seawater
Element (130-175) (Wedepohl, 1968) Factor (Rolland, 1979) Enrichment factor?
(percent) (percent)
S1 cmmeeme  340. 27.4 >1.5 - -
S — .09 .46 .20 - -
J\p—— 2.1 8.8 .24 - -
. .77 4.82 .16 - -
 — .17 1.57 .11 - --
Ca —=mmmme .20 1.58 .13 - -
) Pp— <.15 1.56 <.10 - -
K ——mme—am .70 3.0 .23 - -
(ppm) (ppm)
™ <l. .07 <. .04(x10"3) <.25(x10%)
A8 ——e———e 46. 10. 4.6 -— -_—
B ——e———  97. 100. .97 - -
Ba =————= 1448. 580. 2.5 - -
P 2.4 3. .80 - -
Cd ==—=-— >135 .8 2169. - -
[ Y — 6.2 19. .33 - -
Cf wmmee—e  37. 0. .41 .3(x1073) 1.2(x10%)
Cu ~—-—=  8l. 45. 1.8 .25(x1073) 3.2(x10%)
[ <10. 19. <.53 - -
Bg ~———-  <I. 4 <2.5 - -
La - <2]. 49. <.43 - -
T R 97. 2.6 3n. 10.(x1073) .10(x10%)
T — <200. 850. <.24 - -
M —mmmemm  190. 68. 2.8 6¢x1073) 3.2(x10%)
Y — 9. 20. 45 .03(x10~3) 3.0(x10%)
Sbemmmm—= 34, 1.5 23.
SC =mmmem—e <10. 13. <.77 -_— el
Se ~———— 54, .6 90. - -
[} S 103. 300. .34 - -
 J 3.0 1.4 2.1 - -
V ————  2399. 130. 18. 2.5(x1073) 9.6(x10%)
Y —  26. 4. .63 - -
Zn - 31382, 95. 13. 3. or .4(x10™3) 4.6 or 35.(x10%)
P R — 32. 160. .20 - -

lcolumn 1/Column 2.
2Colwan 1/Column 4.
3atomic absorption values are 50 to 100 percent higher.
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Holland (1979) selected the highest median concentrations of metals from
among Vine and Tourtelot’s (1970) data sets for black shales from several
different environments, and found that the enrichment factors

concentration of x in deposit z for Ag, Cu, Ni, V, and Zn were similar

concentration of x in modern seawater

(roughly 2.5—8.Ox105). Although the individual concentration values used in
the calculations came from different deposits, Holland suggested that the
enrichment factors could indicate a simple common mechanism for the
incorporation of the metals into black shales. Similar calculations performed
for the unoxidized section of the Gibellini facies in NG47, give much the same
numerical result (table 3, col. 5) in that Cr, Cu, Ni, Pb, V, and Zn are about
10°-10° times more concentrated in the rocks than in modern seawater. The
corresponding enrichment of Mo is much smaller, as Holland (1979) noted in
other black shale deposits and in Black Sea sediments. As Holland pointed
out, there 1is 1little information with which to judge these coincidences.
However, it is noted that Pb and Cr, which are actually depleted in the
Gibellini facies relative to normal shale and may be in part related with the
"shale" (or detrital?) fraction, have seawater enrichment factors only
slightly less than that of V, which is strongly enriched and believed to be
mostly associated with organic matter.

Comparable concentrations of some metals occur in several recent
organic-rich sediments, but the metal ratios differ from place to place. Some
diatomaceous organic-rich clay sediments in an area of upwelling on the
southwest African shelf contain higher concentrations of Cu, Ni, and Pb than
the unoxidized segment of NG47, but have much lower Zn contents (Calvert and
Price, 1970). Recent Black Sea sediments attain roughly similar Cu, Mo, and
Ni contents, but have much less V and Zn than the Gibellini rocks (Volkov and
Fomina, 1974; Hirst, 1974). Incorporation of some of the metals in the
Gibellini facies could therefore have occurred syngenetically by processes
that have been operative in certain recent nonoxidizing sedimentary
environments; however, V and probably Zn appear to be anomalously enriched in
the Gibellini facies, as is also indicated by comparison with Vine and
Tourtelot’s (1970) compilation of black shale deposits.

Oxidation and metal redistribution

The colors of the sample powders range from very pale brown to very dark
grayish brown (fig. 3). Lighter colors in the upper parts of all three drill
holes reflect oxidation, which has apparently occurred to depths well in
excess of 100 ft in some parts of the deposit (e.g. NG4), while in other areas
black (unoxidized) material can be found just below the surface. The highly
variable distribution of oxidized rocks can perhaps be explained as a result
of the highly fractured nature of the allochthonous mass. In NG3l, a deep
zone of light-colored rock occurs near the inferred projection of a high-angle
surface fault indicating that oxidation may have been facilitated along this
boundary.
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The distributions and mineral occurrences of Cd, Mo, Ni, Se, V, and Zn
suggest that these metals have been mobilized by oxidation and reconcentrated
at deep levels in the deposit by secondary deposition. They are generally
present at lower concentrations in the zone of oxidation than in the
unoxidized part of NG47. They tend to be highly enriched in relatively narrow
zones near or below the base of the zone of oxidation (bleaching).
Unpublished information supplied by Noranda Exploration, Inc., suggests that V
is generally most concentrated throughout the deposit in a zone located near
the lower end of the transition from bleached (oxidized) to dark (unoxidized)
rock. The highly enriched zones for different metals generally do not
coincide, as one might expect if they represented primary metal-rich
sedimentary horizons. Vanadium, Se, Mo, and Cd-Ni-Zn zones occur more or less
independently at different depths. 1In NG31, Cd, Ni, and Zn are concentrated
together well below the inferred base of the Gibellini facies in otherwise
nonmetalliferous rocks. The mineralogy of the metal-rich zones themselves
indicates that they are within the oxidized zone, and not in their primary
unoxidized forms. Gypsum, barite, and jarosite are common in the vicinity of
the major accumulations of metals, which themselves occur as sulfates,
carbonates, and vanadates.

If the maximum concentrations of Cd, Mo, Ni, Se, V, and Zn were caused by
secondary enrichment, as suggested, then a crude hierarchy of relative
mobility is indicated by the depths of the metal-rich zones. Cd, Ni, and Zn
were carried deepest before being precipitated, Se 1is concentrated at the
shallowest level, and Mo and V are at intermediate depth. Thus the relative
mobilities are: Se < Mo,V < Cd,Ni,Zn. The conspicuous Ba-rich horizons deep
in all three drillholes may be related with the oxidation of the deposit.

The possible economic implications of oxidation and metal redistibution
for development of the Gibellini V claim involve both the present location of
the metals and their mineralogy. The richest vanadium ore occurs at
considerable depth throughout much of the deposit. Possible byproduct metals
are concentrated at different levels, more or less predictably located with
respect to V. In some instances, certain metals such as Cd, Ni, and Zn may
actually be concentrated below the base of the black shale. Extraction of the
metals, either by surface processing or by in situ leaching will be
complicated by the variety of minerals and (or) organic phase which hold the
metals in different parts of the deposit.
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APPENDIX
Element distributions

The distributions of elements in the three drill holes (NG4, NG31, and
NG47) are discussed individually in this section. These element descriptions
are derived from observations of patterns in figure 3 and from the
interpretations offered in previous discussions.

Silicon is present in the upper parts of all three drill holes at
concentrations greater than 40 percent (>85 percent 5102), reflecting the
highly siliceous nature of the "black shale'" sequence. Chalcedonic quartz is
abundant in the rocks in the form of veins, nodules, and layers (Desborough
and others, 1979). Silicon concentration decreases rapidly below the
siliceous 'black shale" facies, where it is diluted by detrital and (or)
carbonate components.

Titanium and aluminum concentrations correlate well. The ratio Ti:Al+Ti
ranges from 0.03 to 0.06, with an average of 0.045. This is close to the
ratio for average shale (0.05) taken from the compilation of Wedepohl (1968),
suggesting that these elements reflect mainly the detrital component of the
sediments. If this is true, then the range of Al contents (about 2-6 percent)
implies that '"shale'" makes up on the order of 20 to 70 percent of the analyzed
samples. The relative contributions of authigenic feldspars and clay minerals
to the '"shale" component is not known, but may account for variations in the
element ratios.

The Ti and Al contents are generally low through most of the primary
metalliferous section,, changing abruptly to higher and more variable values
in the lower parts of the holes. The change in lithology to greater dilution
by clastic sediments could be the depositional base of the siliceous Gibellini
facies, though a fault contact is also possible.

Iron correlates in a general way with the "shale" component. Noticeable
but minor departures from the 'shale" pattern may be caused by 1local
concentrations of authigenic or later phases, such as pyrite and (or)
Fe~chlorite, both of which were detected by X-ray diffraction. Iron is not
greatly enriched in the black shale.

Magnesium concentrations are low (about 0.1-0.3 percent) and vary with
the '"shale" component through the Gibellini facies, though this relationship
does not appear clearly at the scale used in constructing figure 3. 1In the
lower part of NG4 and possibly in the last interval of NG47, the close
correlation of Ca and Mg reflects the abundance of dolomite in the
Mississippian(?) section below the siliceous black shale. The molar ratio
Mg :Mg+Ca in the lower section of NG4 ranges from 0.4l to 0.50, which is close
to the stoichiometric ratio in well-ordered dolomite, such as that detected by
X-ray. The mutual dilution of dolomite, free silica, and ''shale" is readily
apparent in the lower section of NG4.

Calcium occurs mainly in dolomite (see Mg) or apatite. Apatite is highly

concentrated in several samples in the upper parts of all three cores, i.e.
within the Gibellini facies.
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Sodium is present at less than 0.15 percent (limit of detection) in most
samples. The few samples which contain between 0.15 and 0.22 percent Na also
have relatively high "shale" content, suggesting that Na occurs largely in the
"shale" component.

Potassium concentrations correlate well with Ti and Al concentrations,
indicating that K resides mainly in the "shale" fraction. Much of this K is
probably held in illite, though potassium feldspar is also common in X-ray
traces.

Silver distribution patterns (fig. 3) suggest vaguely that Ag might be
associated with apatite (NG4, NG31), with V (NG31, NG47) or with Zn (NG47);
however, all concentrations are near or below the limit of detection of the
spectroscopic methods (1 ppm). G. A. Desborough (oral commun., 1980) has
found that Ag concentrations determined by other methods are several times
higher than those obtained by optical emission in Gibellini facies rocks, so
the values given here may be too low.

Arsenic content varies between 6 and 95 ppm in the Gibellini facies and
is generally low (<20 ppm) near the bottom of NG4 and NG31l. It therefore
appears to be significantly enriched in the black shale. Arsenic
distributions in NG4 and NG31 do not give clear evidence of mobilization
during oxidation, though the higher concentrations (50-100 ppm) occur in
several distinct =zones. These As-rich zones may reflect stratigraphic or
structural zonation, or they may be a result of local mobilization and
redeposition caused by oxidation. There is an apparent correlation of As with
Fe in the intervals NG4 (65-110) and NG31 (5-40). The As content of NG47 is
more uniform, it increases gradually with depth.

Boron follows closely the distributions of Ti and Al, indicating that it
is part of the 'shale'" component. It reaches its highest concentrations (to
>200 ppm) in the lower sections of the holes, and is not enriched in the
Gibellini facies.

Barium concentrations vary between roughly 1,000 and 3,000 ppm in all
parts of the holes with the exception of a few rich narrow zones. Barite was
detected in X-ray diffractograms from two of these zones. These Ba-rich zones
occur in all three holes below the V-rich zones and at or just below the
inferred lower boundary of the Gibellini facies.

Beryllium concentrations are generally 1.5 to 2.5 ppm, but approach 5 ppm
in several zones. Beryllium varies through most of the cores roughly with the
constituents of the '"shale" component. Anomalous Be peaks in all three holes
appear to correlate with Ca peaks which are interpreted as representing
apatite, though the samples with the most apatite (near the top of NG31) do
not contain much Be.

Cadmium determinations by the different spectroscopic methods are rather
variable. The values used here (from Quantitative SWR) are generally the
highest. Cadmium ranges from less than 1 ppm in the leached zone of NG&4 to
greater than 150 ppm in parts of all three holes. Desborough and others
(1979) found up to 6 percent Cd in sphalerite from unoxidized samples by
microprobe. In most instances in figure 3 cadmium appears to follow Zn,
whether Zn occurs as sulfide, sulfate, or carbonate (see Zn).
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Cadmium has been largely removed from the oxidized zone and is highly
enriched by secondary precipitation deep in the section. In the case of NG31,
the deep zone of enrichment may be beneath the base of the Gibellini facies,
in otherwise nonmetalliferous rocks. It is not known whether the Cd occurs in
the same secondary phases as Zn, or if it forms discreet phases.

The notable exception to the Cd-Zn correlation occurs just above the base
of the Gibellini facies in NG31, where Se, Tl, and V reach exceptionally high
concentrations. This may also be a zone of secondary enrichment, where Cd has
been precipitated with other phases than the secondary Zn phases.

Cobalt concentrations determined spectroscopically are low by roughly 50
percent, compared with atomic absorption analyses. With few notable
exceptions, the distribution patterns of Co are roughly the same as those of
Ti and Al, indicating that Co occurs mainly as part of the 'shale"
component. The major departure from this behavior occurs in the narrow
Zn-carbonate zone below the Gibellini facies in NG3l. Though there is no
evidence that this concentration of Co was derived from above, its strong
association with the secondary Zn-Ni-Cd component suggests that some Co may
have been present in the black shale in leachable (sulfide?) form.

Chromium reaches high concentrations in several samples that are rich in
apatite. Otherwise, Cr appears as though it may constitute a part of the
"shale' component, as it follows B roughly. From the spectroscopic data,
therefore, it appears that Cr 1is not significantly enriched in the black
shale.

Chromium values obtained by atomic absorption analysis are in some
instances higher by about 50 to 100 percent than those reported in table 1.
G. A. Desborough (written commun., 1980) has found Cr concentrations up to
several times higher than any reported here, in other Gibellini facies
rocks. If the spectroscopic determinations are indeed low, then it may be
that the deposit is enriched in Cr.

Copper content is variable but tends to low values in the lower parts of
NG4 and NG31, indicating that Cu may be somewhat enriched in the black
shale. Copper distribution does not suggest that it is a component of any of
the identified phases, nor does it correlate with any other element
patterns. The highest Cu concentration (245 ppm) occurs in an isolated sample
in the Gibellini facies in NG31, where it is associated with Ca, Be, Cd, and Y
anomalies. Copper does not appear to have been mobilized significantly during
oxidation.

Gallium is present at levels below the detection limit (10 ppm) in most
samples. In NG4 and near the bottom of NG31, Ga goes with the '"shale"
component, though all reported concentrations are close to the analytical
limit.

Mercury is generally near or below the detection limit (1 ppm). Its
scattered distribution in measurable quantities in NG4 and NG31 suggests that
mercury was slightly enriched in the black shale deposit, but may have
required reconcentration during alteration to be detectable. However, all Hg
values reported should be viewed as qualitative only.
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Lanthanum appears to correlate rather well with Be. The distribution of
la is similar to that of the "shale" component except in several apatite-rich
samples, which contain amonalously high La concentrations.

Molybdenum concentrations range from below the detection limit (10 ppm)
to several hundred parts per million. Desborough and others (1979) reported
finding molydenite in unoxidized samples from the Gibellini facies, but
suggested also that some Mo might reside in organic matter. Molybdenum is
highly concentrated near the base of the Gibellini facies in NG4, along with
Cd, Ni, V, Y, and Zn. This metal-rich zone is near the bottom of the strongly
leached section in the hole, and appears to be a zone of secondary
enrichment. Molybdenum correlates roughly with Ni and perhaps with Zn in the
relatively unoxidized interval of NG47.

Manganese is present at less than 200 ppm in most samples. It is not
enriched in the black shale, but occurs mainly in carbonate rocks below.
Manganese occurs in the dolomite component in the lower part of NG4. It
reaches its highest concentration (700 ppm) in the smithsonite~rich zone below
the Gibellini facies in NG31, where Mn apparently follows Cd, Co, Ni, and Zn.

Nickel is distributed almost precisely as Zn in NG4 and NG31l. 1In these
holes, therefore, it is inferred that Ni has been strongly leached from the
oxidized intervals and concentrated near or below the base of the black shale
sequence by secondary deposition. The striking similarity of the Ni and Zn
patterns suggests that Ni occurs in the same or chemically comparable phases
as Zn (as a sulfide in unoxidized black shale, and as carbonate or
sulfate-hexahydrate in the secondary enrichment zones). In the dark
relatively unoxidized interval of NG47, Ni correlates roughly with Mo and Zn.

lead is present in almost uniformly low concentrations of around 10 ppm
in all three holes. The major Pb anomaly occurs within the Gibellini facies
in NG31, where it reaches 38 ppm, suggesting that Pb may be somewhat enriched
locally in the black shale. The Pb-rich zone of NG31 is brown (oxidized) and
also contains high concentrations of Cd, Se, Tl, and V.

Antimony appears to be enriched in the Gibellini facies, as its
concentration ranges from 11 to 61 ppm in the upper parts of NG4 and NG31l, but
falls to less than 10 ppm near the bottoms of the holes. The highest Sb
content is in a zone in NG31 which also contains anomalously high
concentrations of Cd, Pb, Se, Tl, and V. 1In general, Sb is distributed in a
similar way as As, but the small variations in Sb content are not readily
correlated with those of any other element.

Scandium was detected in only a few samples at greater than 10 ppm (the
limit of detection); however, these few data are sufficient to assign Sc to
the '"shale" component of the rocks.

Selenium concentrations determined semiquantitatively wusing the SWR
technique range from less than 10 ppm to well over 1,000 ppm. Lowest
concentrations are encountered near the bottoms of the holes, indicating that
Se is strongly enriched in the Gibellini facies. Desborough and others (1979)
stated that Se 1is 1located largely in the organic matter (kerogen) in
unoxidized samples, and that it is relatively enriched in the oxidized zone.
Distribution patterns of figure 3 show that Se is highly concentrated near the



pase of the bleached (oxidized) section, suggesting that Se may be redeposited
at depth after being partially leached from rocks higher in the oxidized
section. This inferred behavior is similar to that of V, but minor relative
displacements of the V- and Se-rich zones indicate that they were redeposited
as separate phases, perhaps with slightly different depositional controls.
Zientek, Radtke, and Oscarson (1979) report the possible existence of an
Fe-V-Se phase in fractures 1in oxidized surface samples from the Gibellini
claim. The Se-rich zones are in all instances within the leached zone of Zn.

Strontium concentration is relatively high in most of the apatite-rich
samples, and in one of the barite-rich samples. Strontium varies with
dolomite content near the bottom of NG43. Strontium therefore may substitute
for Ca or Ba in these phases, but does not always (e.g. the two samples with
the highest Ba contents do not have high Sr concentrations). Other variations
in the distribution of Sr, including the largest anomaly in NG4, are not
easily explained. There appears to be a correlation between Sr and the
"shale" indicators Ti and Al through much of the midsection of NG4.

Thallium, like As and Sb, tends to its lowest concentrations in the lower
parts of NG4 and NG31, suggesting that Tl is enriched in the Gibellini
facies. The most conspicuous Tl anomaly is in NG31l, and coincides roughly
with the large Cd, Pb, Sb, Se, and V anomalies near the base of the Gibellini
facies. In NG4, Tl content tends to higher values downward in the oxidized
black shale section. This tendency may be caused by partial leaching and
redeposition, or it may be related with original Tl variations in the black
shale.

Vanadium content is variable, though it is clearly enriched in the
Gibellini facies. Unpublished analyses supplied to Noranda Exploration, Inc.,
show V concentration up to 15,500 ppm in the V-rich zone of NG3l. Desborough
and others (1979) state that V-minerals are sparse in unoxidized samples, but
metahewettite has been detected in microfractures. Most of the V in the
unoxidized rocks is thought to reside in kerogen, which contains about 0.3-3.0
percent V. In oxidized rocks, metahewettite [CaV6016°3HZO], bokite
[KAL4FegVye0 If *30H,0], schoderite and metaschoderite %(PO 4) (VO,)°6-8H,0],
and unidentified Fe-V and Fe-P-V minerals have been ound deposited in
fractures (Zientek and others, 1979).

The apparent concentration of V near the bottom of the strongly bleached
(oxidized) zone in all three holes (fig. 3) suggests the possibility of
secondary enrichment of V leached from above as a result of oxidation. This
interpretation is supported by the tentative identification of bokite, which
correlates with V abundance in the highly enriched zone of NG3l, and therefore
probably contains the bulk of the V in this zone.

The zones of V enrichment in NG3l and NG47, are well above the zones of
secondary Zn enrichment, while in NG4, the two anomalies roughly coincide.
The inferred removal of V from the leached zones in all three holes has been
far from complete, owing to the stability of the above-mentioned secondary V
minerals. These observations reflect the relatively greater mobility of Zn
compared with V in the oxidized environment of the deposit.
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Yttrium correlates fairly well with Ca in NG31, and may be moderately
concentrated in several apatite-rich samples. The highest concentrations in
NG4 and NG47 occur roughly with the major V-rich zones. The Y distribution
pattern of NG4, in particular, suggests that Y, like V and Zn, may have been
partially leached during oxidation and redeposited at depth. It may be,
therefore, that Y was at least moderately enriched in the Gibellini facies.

Zinc concentrations determined by all three spectroscopic techniques are
consistently low by about 50 percent compared with values obtained by atomic
absorption. Desborough and others (1979) determined that Zn occurs in
sphalerite in unoxidized rocks, and is leached as a result of oxidation.
Zinc-rich zones are well defined in figure 3, and in all instances fall at or
below the distinct V-rich zones. 1In NG4, Zn is highly concentrated in the
form of hydrous sulfate (bianchite) near the base of the "leached zone," where
Cd, Mo, Ni, and V also reach their highest values. In NG31, Zn occurs as
smithsonite in a Cd, Co, Mn, and Ni- rich zone well below the inferred base of
the '"black shale." There is an apparent tendency for these metal-rich
carbonate and sulfate zones to be bounded more abruptly toward the top, more
gradually downward.

Sphalerite occurs in the Zn-rich very dark organic-rich lower section of
NG47. It is not known whether all of the several thousand parts per million
Zn in most of this section 1s original, or if some secondary sulfide
enrichment (as sulfide, sulfate, or carbonate?) has taken place. Vague
similarities in the distributions of Cd, Mo, Ni, Se, V, and Zn in this
unoxidized interval way indicate "primary" zoning of these metals.

Zirconium concentrations may be somewhat high because the correction
factor for D.R. emission is not well known for this element. Zirconium
follows the distribution patterns of Ti and Al, indicating that it is present
mainly in the "shale" (or detrital) component. There is no clear evidence of
unusual enrichment of Zr in the deposit.
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Table 1. Spectroscopic analyses of drill cuttings from holes NG4, NG3l,
and NG47

[S1, Ti, Al, Fe, Mg, Ca, Na, and K are reported in percent; all other elements
in parts per million; B = no analysis; L = less than lower limit of detection
(see below); G = greater than upper limit of measurement (see below). The
following elements were not detected in any sample at the detection limits
given below: Au <1 ppm; Nb <25 ppm; Bi <1 ppm; Re <50 ppm; Ce <100 ppm; Sn
<10 ppm; Li <50 ppm; Te <1 ppm]

Selected
Element L G Method (A)
] B 10 40 D.R. (St.) 3905
b (R — .025 - do. 4533
Al ——mmm————— .25 - do. 2652
Fe ~——===em—- .05 - do. 3758
Mg —————m—eme .10 - do. 2779
Ca =——==mm——ee .05 - do. 4454
Na ===--eeee- .15 - do. 3302
K ——emmemee e .08 - do. 4044
Ag ==m—m————e 1 _— do. 3382
As —=mmemmeee 5 - SWR 2349
B —e—meeeeeee 10 200 D.R. (St.) 2497
Ba —=——m———ee 20 26,000 D.R. (1:10) 4554
Be ==m—mmeeen 1 - D.R. (St.) 2348
Cd —===m———ee 1 170 SWR ‘ 2265
CO =mmmmmm——— 1 - D.R. (St.) 3453
Cr —mmmmm——ee 10 - do. 4254
Cy =eemm————— 1 -— do. 3274
Ga —wmm—m———— 10 - do. 2943
Hg ===mm—e——— 1 - SWR 2536
R 20 - D.R. (St.)- 4086
MO ====mm——ee 10 - D.R. (St.+1:10) 3170
Mn —=———————— 200 - D.R. (St.) 3823
Ni =mmmmmeee 1 600 do. 3414
S — 1 - SWR 2833
Sb —mmemmm——e 2 - do. 2311
Y —— 10 - D.R. (St.) 3613
Se —m—mmmmeem 10 1,000 SWR-SQ 1960
) B 10 - do. 4215
T ——mmemmee 1 - SWR 2767
V m——emee — 10 5,500 D.R. (1:1045t.) 4379
Y ——ememe——— 10 - do. 3600
Zn ———mem——— 50 10,000 D.R. (St.+1:10) 3345
I —mmmemmem 20 - D.R. (St.) 3496
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