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INTRODUCTION

Two shallow (< 5.5 m deep) drill core intervals from an uncontaminated area (i.e.,
a “clean” site) within the NABIR field research site, located on the Oak Ridge
Reservation (ORR), were examined petrographically and geochemically, as proposed
under UT-Battelle Agreement #4000012528. David B. Watson, NABIR FRC Manager,
provided the drill core samples from the FB300 and FB301 boreholes. Core samples were
analyzed off-site at the Department of Geological Sciences, University of Tennessee-
Knoxville. The purpose of this study was to provide physical and chemical
characterization of the saprolite present at the NABIR clean site. A thick saprolite
developed from weathered Nolichucky Shale (Middle Cambrian) comprises the vadose
and shallow saturated zone of much of the NABIR field site. Characterization data from
the saprolite are relevant to interpreting the hydrogeology and contaminant transport of

these same materials in the contaminated portion of the NABIR field site. In what



follows, pore structure and pore fillings are described, followed by measurement of bulk

density, bulk porosity, and bulk chemistry.

PETROGRAPHIC CHARACTERIZATION
Thin-section Preparation

The core was first air-dried, after which it was stabilized with polyester boat resin
to permit safe handling and sectioning. The core was then slabbed on a diamond saw
without use of water as a lubricant. Spectrum Petrographics, Inc., located in Winston,

Oregon (http://www.petrography.com), prepared a total of eighteen (18) 2 by 3 inch (5 by

7 cm) oriented thin sections from the slabbed cores. The thin section samples were
selected in order to adequately represent lithologic and depth-related variations; samples
were vacuum impregnated by Spectrum with standard thin section epoxy, and were cut
and polished using kerosene in order to eliminate clay swelling and slaking. Thin sections
were examined with a standard petrographic microscope using both plane-polarized light
(PPL) and crossed-polarized light (X-NICOLS). A list of samples and their respective

depths is provided at the end of this report.

Stratigraphy

Most of the cored interval consists of saprolitized (weathered) interbedded shale,
siltstone, and very fine-grained glauconitic, micaceous, subarkosic quartz sandstone (Fig.
1). Core recovery and preservation were poorest in the stratigraphic intervals dominated
by shale, whereas they were highest in the sandstone-dominated intervals. There were no

significant stratigraphic intervals of clayey limestone-derived saprolite, such as occurs in



the Dismal Gap Formation at the SWSA-7 site on Oak Ridge Reservation (Driese et al.,
2001) or in the Maryville Limestone Formation saprolite studied by Smith (2001).

Bedding dips in the core range from 10-60° and average 20-30°.
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Figure 1 — Lithologic log description of Nolichucky Shale saprolite cores and visual estimates of % clay and % Fe/Mn
oxides versus depth.

Pore Types

Macropores are dominated by fracture pores, which are generally oriented both
parallel to bedding (BP) and perpendicular (orthogonal) to bedding (O) (Fig. 1). Circular
to ovoid, root-related macropores are generally rare, but are locally abundant in fracture
macropores or any other high-clay-content lithologies. Visible matrix pores are
principally intergranular pores between detrital grains in sandstone saprolite. Pore
apertures range from 10-500 um for fracture pores, and from 1-10 pm for matrix pores.
The measured pore apertures are probably larger than the original pore apertures by 10-
20% due to clay shrinkage after sample drying and before epoxy impregnation (Fig. 2).

For this reason, quantitative assessment of pore sizes and porosity was not attempted.

Figure 2 — Pedogenic clay coating BP and O fracture Figure 3 — Pedogenic clay filling BP fracture pore in
pores in sandstone saprolite. X-nicols, 2.6 mm field of sandstone saprolite (note shrinkage due to drying). X-
view. FB300-75 cm depth. nicols, 2.6 mm field of view. FB300-75 cm depth.




Pore-fillings

Most macropores and many matrix pores are partially to completely occluded
with translocated (illuviated) pedogenic clays and Fe/Mn oxides and oxyhydroxides
(Figs. 3, 4). The clays have a color in plane-polarized light that ranges from amber to
orange to red, whereas the Fe/Mn oxides are relatively opaque under PPL. Translocated
clays are identified under crossed-polarized light by their high birefringence and bright
interference colors, which are due to the parallel alignment of the c-axes of the clay
crystals/grains on the pore walls on which they were deposited (or precipitated). Earlier
clay infillings commonly have a darker color than later clay infillings. For pores with

both clay and Fe/Mn coatings, the Fe/Mn coatings typically precede the clay coatings.

Figure 4 — BP fracture pore in shale saprolite lined Figure 5 — Matrix pores in sandstone saprolite filled

with, from oldest to youngest: 1) Fe oxide, 2) reddish with pedogenic clays (yellow). Clear grains are
pedogenic clay, 3) yellowish pedogenic clay. PPL, 2.6 mainly quartz. PPL, 0.65 mm field of view. FB300-
mm field of view. FB300-112 cm depth. 220 cm depth.

Some fracture pores are filled with fine sand to small pebble-sized (0.2-5 mm
diameter), subangular to subrounded siltstone and sandstone saprolite fragments (Fig. 6).
These grains were apparently locally generated by water moving downward though open

fractures and carrying locally derived particulate material into the fractures. Clay and




Fe/Mn oxides cement the saprolite fragments and are direct evidence that the saprolite

grains are not artifacts of thin-section preparation.

Pore-filling of fracture pores and some matrix pores commences at 85 cm depth in

the core and extends downward to effectively 300 cm depth, however, clay infilling attain

a maximum within the 112-160 cm depth interval. Fe/Mn pore-fillings, pore-linings, and

matrix impregnations are ubiquitous throughout the core, but Fe/Mn filliings attain a

maximum in the same approximate depth intervals as the clays, and especially towards

the lower part of the clay-enriched interval (Fig. 7). Many macropores exhibit a

paragenetic sequence that suggests: 1) initial pore-lining or matrix impregnation by

Fe/Mn oxides, and 2) later clay coating on top of the Fe/Mn coatings.

Figure 6 — Sand composed of transported saprolite
clasts filling O fracture pore. PPL, 2.6 mm field of
view. FB300-220 cm depth.

Figure 7 — O fractures plugged (left) and partly lined
(right) with Fe/Mn oxides. Note Fe/Mn hypocoatings.
PPL, 2.6 mm field of view. FB300-150 cm depth.

Below 240 cm depth the amount of conductive porosity in macropores increases

because of reduced amounts of clay pore-fillings. Many conductive pores show Fe/Mn

impregnations or hypocoatings into the adjacent several millimeters of the saprolitic rock

matrix, and cementation of matrix pores by Fe/Mn oxides is common in sandstone

saprolite (Fig. 8). Surprisingly, a few examples of translocated clay coatings 1-10 pm

thick were discovered at 425 cm depth, which reflects the efficiency of clay transport by




soil water into the shallow saturated zone. From 300-540 cm depth only thin (1-20 um

thick) Fe/Mn coatings and impregnations are present (Fig. 9).

Figure 8 — O fracture pore with Fe redox depletion Figure 9 — BP and O fracture pores iin shale
and enrichment hypocoating, followed by two saprolite with only modest amounts of Fe/Mn
generations (red, yellow) of pedogenic clays. PPL, oxide pore-linings. X-nicols, 2.6 mm field of
2.6 mm field of view. FB300-150 cm depth. view. FB300-310 cm depth.

Sources of Pore-fillings

As mentioned previously, at least a small number of the pore-fillings are locally
derived saprolite fragments. However, the majority of the pore-fillings are pedogenic
clays and Fe/Mn oxides. The formation of translocated clays and Fe/Mn oxides and
oxyhydroxides in the saprolite appears at least partly related to an abundance of
weatherable glauconite in the original sandstone, siltstone and shale bedrock of the
Nolichucky Formation (Fig. 10). Glauconite grains (green-colored in transmitted light)
range from fresh to badly decomposed and appear to break down to form pedogenic clays
and Fe/Mn oxides (Fig. 11). Preliminary x-ray diffraction work on these clays at the
SWSA-T7 site, presented in Driese et al. (2001), suggests that they are poorly ordered
smectite-chlorite and hydroxy interlayered vermiculite (HIV) clays. The clay mineralogy
of the unweathered Nolichucky Shale, in contrast, is dominated by highly ordered illites

and lesser amounts of chlorite and kaolinite, hence there must be significant



neoformation (pedogenic production) of much of the translocated clays occurring within

the saprolite profile.

Figure 10 — Weathered glauconite grain altering to clays
and Fe oxides. PPL, 1.3 mm field of view. FB300-140
cm depth.

Figure 11 — Weathered glauconite grains altered to Fe-
rich (red) and Fe-poor (yellow) pedogenic clays. PPL,
1.3 mm field of view. FB300-240 cm depth.

Impact on Saprolite Hydrogeology

The translocated clays and Fe/Mn oxides and oxyhydroxides that partially to

completely infill macropores and matrix pores probably contribute significantly to a zone

of low hydraulic conductivity within the 50-150 cm depth interval, such as was directly

measured in the field by Smith (2001) in Maryville Limestone saprolite, and which was

documented by many previous field and laboratory studies conducted at the ORR and

summarized in Driese et al. (2001). If hydraulic conductivity (K) is reduced enough to

form a perched water table, then localized reduction of redox-sensitive elements can

occur in the vadose and shallow saturated zones. During subsequent drying and aeration,

these elements can oxidize and precipitate on pore walls and as matrix impregnations.

There is a positive feedback loop such that the more clays that are carried down by soil

water to plug pores, the lower the K, and the more likely that seasonal water table-

perching will occur. Seasonal water table perching figures prominently in this process.




Comparisons With Other Saprolite Profiles in East Tennessee

The pore structures and pore-fillings observed in cores FB300/301 are very
similar to those described by Driese et al. (2001) within the Dismal Gap Formation at the
SWSA-7 site on Oak Ridge Reservation (Driese et al., 2001) and in the Maryville
Limestone saprolite studied by Smith (2001). Saprolite profiles formed in sedimentary
rocks in eastern Tennessee are susceptible to development of a zone of low K at shallow
depths in the vadose zone ranging from 50-150 cm due to accumulations of translocated
clays and Fe/Mn oxides and oxyhydroxides that partially to completely infill macropores
and matrix pores. This low K zone corresponds to the base of the “storm flow zone” as
defined in the ORR conceptual model first proposed by Solomon et al. (1992).

Significant differences between the Nolichucky weathering profile and those
examined at SWSA-7 in Dismal Gap Formation saprolite (Driese et al., 2001) and in the
Maryville Limestone saprolite (Smith, 2001; McKay et al., in review) are as follow: 1)
The Nolichucky Shale profile lacks significant amounts of circular root and animal
biopores, largely due to the absence of the soft, clay-rich limestone saprolite lithology
that is more favorable for rooting; 2) The depth of minor amounts of clay illuviation and
Fe/Mn oxide infilling extends to greater depths (> 4 m) in the Nolichucky Shale saprolite,
although this could be a function of the shallower excavations employed at the other
saprolite sites, and; 3) There is more direct evidence of glauconite alteration forming

pedogenic clays and Fe/Mn oxides in the Nolichucky Shale saprolite.



BULK DENSITY AND BULK POROSITY CHARACTERIZATION
Bulk Density

Bulk density of Nolichucky Shale saprolite was determined using the wax-coated
clod method of Blake and Hartge (1986) (Fig. 12). Although developed for use with soil
clods, this method works equally well with saprolite samples (Driese et al., 2001; Smith,
2001). The highest bulk density of 2.0 g/cm® was measured from the unweathered shale
sampled at 540 cm depth. Bulk densities decrease upward to a lowest value of 1.4 g/cm’
at 66 cm depth. The decrease in bulk density towards the surface reflects dissolution and
removal of rock mass during weathering, as well as the accompanying formation of

matrix pores, fracture macropores, and biopores.

Bulk Porosity

Bulk porosity was calculated from the bulk density measurements by difference
and assuming an average grain density of 2.65 g/cm” for the saprolite samples (Fig. 13).
This assumption is reasonable given that the majority of the mineral grains in the
saprolite are silicates with an average solid mineral density at least equivalent to that of
quartz. The highest bulk porosities of 40-47% were measured in the shallowest samples
(<2 m), with a gradual decline in porosity to 25% at a depth of 540 cm. The high bulk
porosity values in sedimentary rock saprolites are chiefly fine matrix pores, and
macropores are estimated to comprise an average of only 1-2% of the bulk porosity

(Dorsch and Katsube, (1998, 1999).
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Figure 12 — Bulk density of Nolichucky Shale Figure 13 — Bulk porosity of Nolichucky Shale
saprolite, in g/cm’, determined using wax- saprolite (%), determined from bulk density
coated clods. measurements and assuming solid density of
2.65 g/en’.

GEOCHEMICAL CHARACTERIZATION
Methodology

Fourteen (14) whole-rock (saprolite) samples were analyzed at the University of
Tennessee for major, minor, and trace element geochemistry using wavelength-dispersive
X-ray fluorescence (XRF) on powdered, pressed pellets prepared from 3-5 grams of
sample. Analysis employed appropriate shale and clay soil standards. Most elemental
totals are range between 90-93% due to the presence of bound water and organic C in the
samples, which were not analyzed. As typical for geological analyses, XRF reports major

elements as wt % oxides, whereas trace elements are reported as ppm element.

General Depth-Related Patterns for Geochemical Data
Major Elements
Si0; is highest near the surface, and declines with depth; this reflects greater

leaching and removal of mobile constituents near the surface, thereby enriching the
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remaining material in SiO, (Fig. 14). This could also reflect introduction of quartz silt by
eolian and surface transport processes.

Major increases in K,O and Al,Oj; at the 150-200 cm depth correspond to a zone
of maximum clay illuviation and concentration, which was also detected petrographically
(Fig. 14). Driese et al. (2001) described a clay-enriched zone at about the same depth that
was identified both geochemically and petrographically in Dismal Gap Fm. saprolite at
the SWSA-7 site on the Oak Ridge Reservation.

Major increases in Fe,O3 at 200-250 cm depth correspond to Fe oxide and
oxyhydroxide pore fillings and stains on fracture pores (Fig. 14). Driese et al. (2001) also
described concentrations of Fe-bearing minerals forming in zones of variable redox,
probably associated with seasonal water table perching within the zone of enriched clay

pore-fillings at the SWSA-7 site in the Dismal Gap Formation on the ORR.

Nolichucky Shale Saprolite Major Elements
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Figure 14 — Whole-rock chemistry of major elements (expressed as wt% oxide) in Nolichucky Shale
saprolite determined using X-ray fluorescence.
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Minor Elements

MgO and CaO decline towards the surface due to intense leaching of carbonate
minerals, mainly calcite and dolomite (Fig. 15). Na,O decreases towards the surface due
to intense leaching of plagioclase feldspars (Fig. 15). MnO is maximized at 150-200 cm
depth due to variable redox conditions associated with seasonal water table perching, as
discussed previously for Fe,Os (Fig. 15). P,Os is relatively constant with depth, but is
depleted at the 66 cm depth due to removal by plants (Fig. 15). TiO,, normally
considered an immobile element during weathering, shows uniform distribution with

depth (Fig. 15).

Selected Nolichucky Shale Saprolite Minor Elements
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Figure 15 - Whole-rock chemistry of minor elements (expressed as wt% oxide) in Nolichucky
Shale saprolite determined using X-ray fluorescence.

Trace Elements

Ba and Sr (not plotted) decrease towards the surface due to intense leaching of K-
feldspars and carbonate minerals (Fig. 16). Zr increases erratically towards the surface
due to residual enrichment (concentration due to removal of other unstable constituents

by leaching) and to eolian and surface transport of zircon grains (Fig. 16). The increase in
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S towards the surface likely reflects more intense leaching and oxidation of pyrite to
produce sulfates. Many elements such as Co, Cu, and Zn (not plotted), and Rb show
increases in either the zone of clay enrichment (150-200 cm) of Fe enrichment (200-250
cm), perhaps sorbed to clays or enriched due to variable redox conditions (Fig. 16). The

Y enrichment at 350 cm reflects leaching and removal towards the surface (not plotted).

Selected Nolichucky Shale Saprolite Trace Elements
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Figure 16 - Whole-rock chemistry of trace elements (expressed as elemental concentration in ppm) in
Nolichucky Shale saprolite determined using X-ray fluorescence.

Analysis of Geochemical Data Using Mass-Balance
Methodology

A mass-balance approach, first developed by Brimhall et al. (1988; 1991a, b) was
used to quantify the strain (volume change) and the translocation (mass flux) of elements
during weathering of the Nolichucky Shale saprolite. Driese et al. (2001) employed this
methodology in analyzing weathering of the Dismal Gap Fm. at the SWSA-7 site on the
Oak Ridge Reservation. Shale from 540 cm depth in core FB-301 was selected as the

parent material used for all mass-balance calculations because it was deepest and least
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altered material. Ti was selected as the immobile index element (strain marker) because

of its uniform distribution with depth.

Strain (Volume Change)

Strain (volume change during weathering) was calculated assuming both
immobile Ti and immobile Zr (Fig. 17). Zr-calculated strains are highly erratic and
negative, indicating volume loss during weathering ranging from 10-35%. These volume
losses are not compatible with saprolitization of shale, siltstone and sandstone, which is
normally isovolumetric. These anomalous strain estimates are probably due to the
violation of the assumption of uniform Zr distribution with depth; in a previous section a
progressive upward increases in Zr in the saprolite relative to the assumed parent material
at 540 cm depth was described.

Because Ti is uniformly distributed with depth, it is more appropriate as a strain
indicator. Ti-calculated strains are zero in the less weathered 300-540 cm depth interval,
but become progressively positive above 300 cm to 66 cm depth. The strain values range
from 10-50% dilation, with the highest values in the upper 130 cm of the saprolite
profile. Volume gains are due to rooting, and to infilling of fracture and biopores by
pedogenic clays and Fe/Mn oxides, and infiltrated saprolite fragments, which have

expanded or dilated the saprolite relative to its original volume.
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Nolichucky Shale Saprolite Strain
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Figure 17 — Strain (volume change during weathering)
calculated assuming immobile Ti (strain Ti) and immobile Zr
(strain Zr) during weathering and formation of Nolichucky
shale saprolite. To convert to %, multiply values by 100.

Clay Translocation

Net increases in SiO; and Al,O3 in the 66-125 cm depth interval reflect clay

infilling of fracture and biopores due to clay illuviation (Fig. 18). This increase in clay

was verified petrographically and was described in an earlier part of this report.

Leaching and Clay Accumulation
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Figure 18 — Translocation of alkali elements (Na, K)
and clay structural elements (Al, Si) in Nolichucky
Shale saprolite, assuming immobile Ti. To convert to
%, multiply values by 100.

Figure 19 — Translocation of alkaline earth carbonate
elements (Ca, Mg, Sr.) and nutrient element (P) in
Nolichucky Shale saprolite, assuming immobile Ti. To
convert to %, multiply values by 100.
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Net losses of Na,O, K,0, CaO, MgO, Ba, Rb, and Sr are due to intense leaching and
removal of carbonate (calcite, dolomite) and feldspar (plagioclase, orthoclase,

microcline) minerals (Figs. 18, 19, 22).

Biocycling/Bioremoval
The depletion of P,Os at the top of the profile is likely due to removal by plants

(Fig. 19).

Redoximorphy

The extreme enrichments (100-1300%) in MnO reflect variable redox conditions
caused by seasonal water table perching, and precipitation of MnO, (pyrolusite) on
fracture surfaces and in biopores (Fig. 21). The net enrichments of Fe,Os, Co, Cu, and Zn
also reflect variable redox conditions and/or sorbing of these elements to clay mineral
surfaces (Fig. 20). Fe is precipitated as limonite, goethite, or other oxyhydroxides on

fracture surfaces and in biopores.

Redoximorphic Element Mass Balance Redoximorphic Element Mass Balance
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Figure 20 — Translocation of redox-sensitive Figure 21 — Translocation of redox-sensitive
elements in Nolichucky Shale saprolite, element (Mn) in Nolichucky Shale saprolite,
assuming immobile Ti. To convert to %, assuming immobile Ti. To convert to %,
multiply values by 100. multiply values by 100.
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Sulfide Oxidation

The extreme enrichments in S (see Figure 16) reflect intense oxidation of pyrite

and precipitation and concentration as sulfate salts, such as jarosite.

Residual Enrichment/Dust Flux

The net accumulation of 50-75% Zr towards the top of the profile reflects either

residual enrichment due to leaching of more mobile constituents, and/or additions of

zircon silt grains by eolian or surface transport processes (Fig. 23).

Leaching Element Mass Balance
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Figure 22 - Translocation of leaching sensitive
elements in Nolichucky Shale saprolite, assuming
immobile Ti. To convert to %, multiply values by
100.

Figure 23 — Translocation of dust-flux-sensitive
element (Zr) in Nolichucky Shale saprolite,
assuming immobile Ti. To convert to %, multiply
values by 100.

SUMMARY

Both petrographic and geochemical analyses of saprolite formed from weathered

Nolichucky Shale sampled from cores FB300 and FB301 support the revised conceptual

models for controls on hydrology of saprolitized sedimentary rock proposed by Driese et

al. (2001) and McKay et al. (in review). This revised conceptual model predicts a zone of

low hydraulic conductivity (K) at a depth of 50-150 cm in saprolitic weathering profiles
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occurring in eastern Tennessee, which are due to the infilling of macropores and matrix
pores by pedogenic clays and Fe/Mn oxides. This pattern is established in weathering
profiles in eastern Tennessee due to translocation of clays by downward percolating soil
water and neoformation of clays by alteration of primary glauconite in the parent
material. Once the zone of low K is formed, then seasonal water-table perching develops
on the low K zone, resulting in seasonal aeration alternating with saturation. Fe and Mn
oxides and oxyhydroxides then precipitate as coatings on pore walls, and as matrix
impregnations. Other redox-sensitive elements will also concentrate by these same

mechanisms.
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List of Thin Section Samples:

Sample Number Depth (cm)
FB300-75 75
FB300-85 85
FB300-112 112
FB300-135 135
FB300-140 140
FB300-150 150
FB300-160 160
FB300-180 180
FB300-220 220
FB300-240 240
FB300-265 265
FB300-285 285
FB300-300 300
FB300-310 310
FB300-395 395
FB300-425 425
FB301-445 445
FB301-480 480
FB301-500 500
FB301-540 540
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Sum
of conc.
(%)

Nolichucky Shale core

Sample# depth

(cm)

CaO Co

Cu

(%) (ppm) (ppm)

FB-300-66

FB-300-100
FB-300-120
FB-300-130
FB-300-187
FB-300-200
FB-300-240
FB-300-260
FB-300-330
FB-300-380
FB-300-430
FB-300-440
FB-301-448
FB-301-500
FB-301-540

-66
-100
-120
-130
-187
-200
-240
-260
-330
-380
-430
-440
-488
-500
-540

90.607
91.695
91.818
91.236
92.491
91.351
91.854
92.385
90.563
91.998
92.866
91.952
92.599
92.117
92.707

MnO Na,O P05

(%) (%) (%)
0.038
0.026
0.071

0.21
0.636
0.209
0.045
0.148

0.22
0.152
0.063
0.052
0.312
0.062
0.042

0.113
0.108
0.107
0.169
0.095
0.123
0.342
0.199
0.177
0.305
0.195
0.528
0.382
0.303
0.311

0.077
0.112
0.144
0.131
0.132
0.123
0.132
0.132
0.126
0.118
0.116
0.149
0.128
0.136
0.118

AlLO;  Ba
(%) (ppm)
18.583 314
17.824 402
17.132 388
17.294 361
20.458 386
17.397 390
17.947 365
18.675 363
20.562 352
18.718 394
20.151 430
18.011 362
18.872 580
19.526 418
19.221 441
Rb S
(Ppm) (ppm)
132 184
131 111
135 68
129 72
178 62
141 66
125 10
151 10
164 56
144 45
167 2
141 5
153 41
162 0
162 2
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1.055 15
0.733 13
0.734 18
1.015 35
0.756 35
1.171 21
0.774 17

0.77 28
0.869 23
1.066 14
1.087 24
1.231 18
1.255 16
1.273 22
1.304 20

SiO; Sr

(%) (ppm)

58.47 60
59.42 62
58.76 64
58.39 67
53.45 74
57.81 72
60.59 83
55.46 73
52.34 77
57.17 79
54.88 88

57.1 104
56.34 107
55.21 94
55.36 96

40
31
48
44
39
33
79
47
40
41
33
36
35
26
37

TiO,
(%)

0.762
0.736
0.774
0.785
0.885
0.846
0.821
0.784
0.865
0.812
0.847
0.798
0.808
0.838
0.809

Fe;03
(%)

6.621
6.914
7.956
7.278
7.574
7.165
5.414
9.237
7.279
6.578
7.109
6.908
6.795
6.501
7.142

Zr

(ppm)

240
272
258
263
154
259
317
205
185
243
170
205
174
185
173

K,O
(%)

3.325
3.921
4142
4.054

6.42
4.607
3.909

5.03
5.835
4.904
5.892
4.555

5.12
5.737
5.683

Zn

(ppm)

76
94
90
160
87
95
102
111
119
98
101
106
98
96
99

MgO
(%)

1.442

1.78
1.876

1.78
1.973
1.781
1.754
1.843
2172
2.057
2.412
2.517
2.452

242
2.604

(ppm)

21
21
22
24
42
31
29
31
49
43
34
37
28
30
25



