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PETROGRAPHY, MINERALOGY, AND CHEMISTRY OF CALCITE-SILICA
DEPOSITS AT EXILE HILL, NEVADA, COMPARED WITH LOCAL SPRING
DEPOSITS

by
D.T. Vaniman, S. J. Chipera, and D. L. Bish

ABSTRACT

Chemical, mineralogic, and petrographic analyses of siliceous
calcretes from Exile Hill east of Yucca Mountain, Nevada, indicate
that pedogenic processes alone account for the formation of the
calcretes. These calcretes have been interpreted by some observers as
evidence of seismically triggered eruptions of deep water. Such an
origin could have important consequences if Yucca Mountain is de-
veloped as an unsaturated site for the disposal of high-level nuclear
waste. At odds with this hypothesis are the absence of features that
should be present at fault-fed springs (e.g., fissure-ridge mounds with
microterraces) and the preservation within root casts of delicate pe-
dogenic microfossils, such as calcified filaments and needle-fiber cal-
cites. Mineral-chemical evidence of pedogenic origin is found in
heavy-mineral concentrations, reflected in Fe and Sc enrichments.
These concentrations, which occur in the most massive of the vein
calcretes, require derivation of detritus from a mixture of weathered
and eolian materials that occur in the overlying B soil horizons, as
opposed to direct incorporation of adjacent unweathered bedrock.
Carbonate and silica abundances and accumulation rates are well
within the scope of pedogenic processes. Calcium is derived from
rainwater or eolian sources, whereas silica is derived in part by dis-
solution of local volcanic glasses or from dissolution of unstable silica
minerals that are abundant in the local tuffs. In contrast with local
deposits that are of spring or seep origin, the siliceous calcretes at
Yucca Mountain are pedogenic in origin as well as evolution and pro-
vide no evidence in support of conjectured spring activity.

INTRODUCTION

Laminated deposits of detritus cemented by calcite and opal, with minor sepiolite
and amorphous Fe, Mn, and Ti oxides, are common at the surface of Yucca Mountain,
Nevada. These calcite-silica deposits are siliceous calcretes. Calcrete is a nongenetic
term that describes not only deposits that are pedogenic (i.e., formed in soil with the
addition of only rainwater and dust) but also deposits with lacustrine, ground-water,
or spring origins (Machette 1985). Closer study is necessary to determine the origins of
a particular calcrete.

Most of the siliceous calcretes at Yucca Mountain have laminae parallel to the
ground surface; however, they also occur within faults where the calcrete laminae are
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complex, often cross-cutting, and in general are steeply dipping. Both orientations are
exposed in Trenches 14 and 14A on the west side of Exile Hill, which were excavated
across the Bow Ridge Fault along the east flank of Yucca Mountain (Fig. 1a,b). Taylor
and Huckins (1986) mapped trench exposures of the siliceous calcretes and deter-
mined from geomorphology, fabric, and carbonate distributions that the deposits were
pedogenic. Further work by Taylor and Huckins (1995) provides detailed maps of the
walls of Trench 14, illustrating the relationship of the siliceous-calcrete K horizons to
overlying clay-rich Bt horizons (~50-cm thick) and a thin sandy-to-loamy (~5-cm thick)
vesicular A horizon with a large eolian component. This nomenclature for soil hori-
zons follows standard usage; the occurrence of genetically related horizons (in this
case, A over B over K) is one of the fundamental indications that this series is indeed
a pedogenic soil association. In brief, the A horizon is a loose accumulation of organic
and mineral matter, the Bt horizon is a zone of clay accurnulation, and the Khorizon is
a zone of extensive laminar carbonate accumulation. Taylor and Huckins (1995) sub-
divide the Bt horizons into

(1) anupper Btk with scarce secondary carbonate on the undersides of pebbles (stage

I; cf. Gile et al. 1966) and
2) alower 2Bf{j (juvenile Bt), the top of which has a well-developed prismatic struc-

ture.

Simplified versions of their maps are shown in Fig. 2 (panels 2a and 2b) and in Fig. 3
(panel 3a). Figure 4 shows the relationships between vein and slope calcretes in Trench
14A, to the north of Trench 14, for that part of Trench 14A that intersected the Bow
Ridge Fault. These figures emphasize the siliceous calcretes and subdivide them into
those with horizonation parallel to the Bt horizons (slope calcretes) and those that
include complex, steeply dipping laminae in the vicinity of faults (vein calcretes). Slope
calcretes dip to the westat 6° to 7°. Details of laminae in the vein calcretes are shownin
Figs. 2¢, 2d, and 3b.

The formation of dense, platy calcrete laminae in the slope calcretes is characteris-
tic of a mature stage-IV K horizon (Gile et al. 1966). Based on the more detailed soil
descriptions provided by Taylor and Huckins (1995), the soils in the vicinity of Trench
14 can be classified as Typic Durargids (classification according to Soil Survey Staff
1975). In our cm-scale mapping, we have subdivided the calcrete laminae into five
categories; these categories are described in section IL. A “Petrography of Calcrete Lami-
nae, B Soil Horizons, and Plant Roots” in this paper. Although a simple K-horizon
stratigraphy is not preserved in the more complex cross-cutting laminae of the vein
calcretes, the presence of similar lamina types is a sign of origin and maturity compa-
rable to the slope calcretes.
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In contradiction to the conclusions of Quaternary geologists mapping at Yucca
Mountain, it was suggested by others that steeply dipping and disrupted calcrete lami-
nae within faults and fractures of the area were formed from hydrothermal fluids that
haverisen as high as the crest of Yucca Mountain—over 700 m above the present water
table—under seismic pressurization (Archambeau and Price 1991; Marshall 1991). This
hypothesis was tested by stable-isotope analyses, which indicated that the carbonate
component of the calcretes was not deposited from hydrothermal waters (Vaniman et
al. 1985). A more detailed stable-isotope study reinforced the conclusion that the source
waters for the calcite were cool and further indicated that the deposits are pedogenic,
formed under the influence of pifion-juniper vegetation during cooler and wetter cli-
mates of the past (Quade and Cerling 1990). Radiogenic isotope data (Stuckless et al.
1991) supported the conclusion that these laminae originated by precipitation from
rainwater within the soil zone and cannot be derived from the deep aquifers of the
region. Roedder et al. (1994) found vapor-filled and methane-bearing inclusions in
sparry calcite of the unsaturated zone, 130 to 314 m below the surface of Yucca Moun-
tain, indicating that these crystals formed in unsaturated rocks at temperatures <100°C
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Fig. 2a (above): Map of the south wall
of Trench 14 (modified from Taylor and
Huckins in press), showing the locations
of slope-calcrete samples (LANL numbers
243, 245, 246, 248, 250, and 920; see Table
1) cited in the text.

Fig. 2b (to the left): Close-up map of
the wall-rock tuffs (stipple), vein calcretes
and overlying slope calcretes (dashes),
and A and B soil horizons from the south
wall of Trench 14 (modified from Taylor
and Huckins 1995). Circled numbers are
LANL sample numbers used in the text.

and perhaps at ambient conditions. If these calcites are genetically related to calcretes
that form at the surface (Whelan and Stuckless 1992; Vaniman 1993, 1994), these deeper
calcites suggest dissolution, downflow, and reprecipitation of carbonate minerals via
penetration of vadose-zone waters into fractures beneath the calcretes.

Suggestions of an unstable and episodically upwelling water table beneath Yucca
Mountain are of general interest because of theAimplications of this hypothesis for in-
terpreting similar deposits in many arid regions. The more direct impact of this hy-
pothesis, however, is on the suitability of Yucca Mountain as a site for geologic dis-
posal of high-level radioactive waste in deep but unsaturated rocks. Proponents of the
hypothesis of an episodically upwelling water table regard this site as unsuitable prin-
cipally because these deposits are seen as evidence of a recurring catastrophic process
(Broad 1990).

Criteria for distinguishing pedogenic from nonpedogenic calcretes are thus im-
portant for making informed decisions about the Yucca Mountain site. Analysis of any
suspect calcrete should begin in the field, where a variety of megascopic features could
provide indications of spring activity. Such features include tufa dams, rimstone pools,
cliff drapes, stream-mouth cones, and related deposits (Viles and Goudie 1990). Par-
ticularly relevant to Trench 14 is the absence of a fissure-ridge mound with internal
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Fig. 2c: Detailed map of sample block
LANL#1, showing distribution of calcrete
lamina types (see text descriptions of lami-
nae in section on Petrography of Calcrete
Laminae, B Soil Horizons, and Plant Roots).
Numbers beginning with P represent
powders for which data are reported in
Appendix 5; P25 (1,p25) is a channel
sample representing the entire block.

Fig. 3a: Close-up map of the north
wall of Trench 14 (modified from Taylor
and Huckins 1995), showing the wall-rock
tuffs (stipples), vein calcretes and overly-
ing slope calcretes (dashes), and A and B
soil horizons. Circled numbers are LANL
sample numbers cited in the text.
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Fig. 2d: Detailed map of sample block
LANL#7, showing distribution of calcrete
lamina types. Numbers beginning with P
represent powders for which data are re-
ported in Appendix 5; P1 (7,p1) is a chan-
nel sample representing the entire block.
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Fig. 3b: Detailed map of sample block
LANL#47, showing distribution of
calcrete lamina types (see text descriptions
of laminae in section on Petrography of
Calcrete Laminae, B Soil Horizons, and Plant
Roots). Line P1 shows the location of a
channel sample (47,pl) representing the
entire block.
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Fig. 4: Close-up map of the wall-rock
tuffs, vein calcretes and tuffs, and overly-
ing slope calcretes in Trench 14A. Circled
numbers indicate the LANL sample num-
bers of channel samples cited in the text
(879, 880, 882, and 883), of a thin calcrete
vein sample (901), and of Rainier Mesa
Tuff (431).

laminae parallel to the mound surface,
corrugated by centimeter-scale
microterraces. Such a mound would be
definitive evidence of spring discharge
along a fault. Such mounds are not found
along the faults at Yucca Mountain. Nev-
ertheless, the absence of evidence for
spring deposition does not constitute
proof of a pedogenic origin. Other lines
of evidence must be developed, starting
with field evidence for the presence or
absence of soil horizonation related to the
calcretes (Taylor and Huckins, 1995). Fur-
ther examination of chemical systematics
and microfossil development can be used
to find indicators of pedogenic origin
(Vaniman et al. 1994).

Vaniman et al. (1988) compared the
bulk petrographic features, mineralogy,
and mineral chemistry of the calcretes
with that of several spring and seep de-
posits in the region. This preliminary com-

parison showed a number of distinctions between spring or seep deposits and the

calcretes, but also noted that surficial spring or seep deposits that grade into soils
could develop comparable mineralogic composition. For the present study, additional
springs were studied, with more detailed chemical, petrographic, and mineralogic
analysis. The goal of this study is to extend the work of Vaniman et al. (1988, 1994) to

provide

(1) petrographic, mineralogic, and/or chemical criteria for determining the origin of

a particular calcrete, and

(2) a summary of comparative petrography, mineralogy, and chemistry to illustrate
those features that may be used to differentiate between calcite-silica deposits of

either pedogenic or spring origin.
I. SAMPLES AND METHODS

A. Samples

Most of the samples used in this study were collected in joint field work with the
U. S. Geological Survey. Under this collection program, samples were given an identi-
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LANL# HD#

HD-15-3
HD-41-3
HD-42-1
HD-42-5
HD-42-6
HD-225
HD-225-01
HD-225-02
HD-1-1
HD-5-1
HD-6-1
HD-10-1
HD-12-1
HD-170
HD-465
HD-466
HD-467
HD-468
n/a

n/a

n/a

n/a

n/a

n/a

n/a

n/a
HD-472
HD-476
HD-477
HD-480
HD-485
HD-487
HD-491
HD-496
HD-497
HD-498
HD-499
HD-500
HD-501
HD-503
HD-508
HD-510
HD-511
HD-512
HD-97
n/a

n/a

n/a

n/a
HD-31-2
HD-6
HD-49
HD-52
n/a

n/a

n/a

n/a

TABLE 1. Sample Number Cross-References and Descriptions

SMF #

00003695

00003650
00003651
00003651
00003651
00003010
00003010
00003010
00003618
00003621
00003622
00003626
00003628
00002951
00004657
00004658
00004659
00004660
00005253
00005254
00005255
00005256
00005257
n/a

00005258
00005259
00004663
00003712
00003713
00003716
00003721
00003723
00003727
00003732
00003733
00003734
00003735
00003736
00003737
00003739
00003744
00003746
00003747
00004668
00003684
00005295
00005296
00005298
00005299
00003643
00003622
00003654
00003657
00005318
00005319
00005321
00005322

Location (Type)

Trench 14, S wall, E16S (vein calcrete)

Trench 14, S wall, D13S (Tiva tuff)

Trench 14, S wall, D14S (altered Tiva tuff)

Trench 14, S wall, D14S (altered Tiva tuff)

Trench 14, S wall, D14S (vein calcrete)

Trench 14, N wall, D13N (vein calcrete)

within HD-225 (ash/detritus calcrete lamina)

within HD-225 (dense calcrete lamina)

Trench 14, S wall, C18S (top of platy-K)

Trench 14, S wall, D28S (top of platy-K)

Trench 14, S wall, E28S (bottom of platy-K)

Trench 14, S wall, E37S (bottom of platy-K)

Trench 14, S wall, F435 (bottom of platy-K)

Site 199, seep (root fossil)

Trench 14, N wall, D14N (vein calcrete)

soil surface S of Trench 14 (boxthorn root)

soil surface S of Trench 14 (creosote-bush root)

soil surface S of Trench 14 (Mormon-tea root)

Trench 14, N wall (vitric nonwelded tuff, tb; Gibson et al., 1992)
Trench 14, N wall (Tiva tuff)

Trench 14, S wall (Btk soil horizon)

Trench 14, S wall (2B#j soil horizon)

Trench 14A, N wall (vitric Rainier tuff)

Roberts Mountain Formation dolomite (from core near Yucca Min.)
Rainier Mesa (pifion root)

Rainier Mesa (juniper root)

GMC Spring (active; calcite, opal-CT, and quartz)

GMC Spring (active; calcite, opal-A & -CT, quartz)

GMC Spring (active; algal opal-A plus detritus)

IMYV Spring (inactive; opal-CT)

Travertine Point vein (inactive; calcite)

Travertine Point vein (inactive; calcite)

Travertine Point vein (inactive; calcite)

Nevares Spring (active; calcite mound)

Nevares Spring (active; calcite mound)

Nevares Spring (active; calcite mound)

Nevares Spring (active; calcite mound)

Nevares Spring (active; calcite mound)

Nevares Spring (active; calcite mound)

Nevares Spring (active; surface of calcite mound)

Grapevine Spring (active; calcite vein)

Grapevine Spring (active; calcite vein)

Grapevine Spring (active; calcite plant casts)

Grapevine Spring (active; surface efflorescence)

Trench 14, S wall, D14S (vein calcrete)

Trench 14A, S wall (vein calcrete)

Trench 14A, S wall (vitric nonwelded tuff, tb; Gibson et al., 1992)
Trench 14A, S wall (vein calcrete)

Trench 14A, S wall (slope calcrete)

Trench 14A, S wall, (vein calcrete)

Trench 14, S wall, D28S (platy-K)

Trench 14, N wall, C8N (Tiva tuff)

Trench 14, N wall, DI3N/D14N (vein calcrete)

E of Exile Hill (eolian deposit under boulder; Guthrie et al., 1993)
E of Exile Hill (eolian deposit in boulder fracture; Guthrie et al., 1993)
SSW of Exile Hill (eolian deposit under boulders; Guthrie et al., 1993)
ESE of Exile Hill (eolian deposit under boulders; Guthrie et al., 1993)




fication number in the field that began with the prefix HD (for “hydrogenic deposits”).
Some samples were collected separately by the authors and do not have an HD identi-
fication. All samples used in preparing this report were assigned a Los Alamos Na-
tional Laboratory (LANL) number as they were received at LANL. In addition, most
samples received Yucca Mountain Project Sample Management Facility (SMF) track-
ing numbers. In this report, the LANL numbers are used throughout; however, to fa-
cilitate cross-reference, Table 1 lists the correlations between LANL, HD, and SMF
numbers, as well as the location and type of each sample.

B. Methods

Petrographic analysis was performed on both polished thin sections and on bro-
ken or sawed pieces of calcrete. Petrographic analysis of polished thin sections was
used to categorize the calcrete lamellae as mapped in the examples of Fig. 2c, 2d, and
3b. Optical observations were supplemented by imaging with an ISI DS-130 electron
microscope in backscattered-electron mode (BSE-SEM).

X-ray fluorescence (XRF) analyses for Si, Ti, Al, Fe, Mn, Mg, and P and atomic
absorption (AA) analyses for K were obtained at J. Husler’s laboratory at the Univer-
sity of New Mexico. These analyses were only performed on several larger samples
where sufficient material (>2 g) was available. As part of these analyses, volatile-com-
ponent loss-on-ignition (LOI) was also determined. Ion chromatography analyses (Cl,
N, S, P,Os, and C,O,) were obtained at LANL using a Dionex 4500i ion chromatograph
with a conductivity detector. The species analyzed by ion chromatography, particu-
larly the Cl, N, and oxalate, are abundant in the ashed root materials.

Trace-element, Ca, Fe, Na, and/or K data were obtained by instrumental neutron
activation analysis (INAA) of coarse (<425 mm) and fine (<45 mm) fractions of the
overlying Bt horizons; of bulk channel samples representing average calcretes; and of
individual laminae separated from the calcretes. These data were collected in the trace-
element geochemistry laboratory at Washington University, St. Louis, MO, using meth-
ods described in Korotev (1991). Results are listed in the appendices. Where a calcrete
sample is listed as “bulk” or “channel,” the sample was collected across several lami-
nae in an attempt to obtain an “average” calcrete analysis for that particular part of the
calcrete. The CaO values measured are attributable almost entirely to calcite; correla-
tions between the INAA-measured CaO and the X-ray diffraction (XRD) determina-
tions of calcite are good (R?=0.95), providing a measure of confidence in the quantita-
tive XRD method. One channel sample from the calcretes (1,p25) was collected with a
small drill that had cutting diamonds mounted in Ni metal; this sample therefore has
Ni contamination and its Ni is reported as not applicable (n/a) in Appendix 5. Several
other samples were lightly crushed in a Fe-Cr percussion mortar; for these samples,
the amount of Fe contamination is trivial because of their high Fe content, but the
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amount of Cr contamination may be significant and their Cr values are reported as
“n/a” in the appendices. The two clay separates (429,p3 and 430,p3; Appendices 3 and
8) required shatterbox treatment than can result in contamination by Co, Ta, and W;
values for these elements are therefore also reported as “n/a” for these samples. Other
samples were handled only with steel or W-carbide hand tools that left no apparent
contamination. In general, the samples used for trace-element chemical analysis were
handled as little as possible to avoid contamination. To avoid contamination, most
samples were not finely powdered by severe crushing methods (e.g., shatterbox). This
necessarily led to somewhat greater sample heterogeneity than would otherwise be
obtained. The extent of this heterogeneity can be seen in Appendix 8, where replicate
INAA analyses of subsplits are compared. We can obtain an idea of the reproducibility
to be expected from very fine-grained samples by comparing the replicate analyses of
clay separates (samples 429 and 430, Appendix 8). In general, the variability between
other sample replicates is minimal to moderate (<1.5X) and reflects somewhat differ-
ent concentrations of particular constituents within the coarse-crushed samples. Some
exceptional variability (~5X) is seen, however, in the lanthanide series elements of the
ashed inner portion of creosote-bush root (351,p2), where heavier constituents obvi-
ously separated from one portion of the very light ash.

Quantitative mineralogy was determined by powder XRD with a Siemens D-500
diffractometer using Cu-Ko. radiation and a Kevex Psi Si(Li) solid-state detector. Splits
of the same powders used for INAA were analyzed; results are listed in Appendices 1-
5 and 7-8. Data were obtained on samples ground to <5 pm in an automatic agate
Brinkman Micro-Rapid mill. A portion of each sample was mixed with a 1.0-um co-
rundum internal standard in a sample:corundum ratio of 8:2 by weight. The quantita-
tive mineralogy was determined by the methods of Chung (1974). These methods have
been coded into a computer program (QUANT) that accounts for analytical problems
important in the analysis of tuffs, altered tuffs, and soils (for example, correction of
cristobalite for overlap with albite and tridymite, correction of corundum for overlap
with calcite, and correction of clinoptilolite and opal-CT for mutual overlap). Further
details of these methods can be found in Bish and Chipera (1988, 1989).

Six root samples were heated for 502 hours under O, flow in a LFE Corporation
LTA-504 low-temperature asher to determine proportions of ashable organic material.
In addition, nine soil samples (four samples of clay-rich Bt horizons and five samples
of calcrete) were heated for 266 hours in the same instrument under the same condi-
tions. For the soil samples, both weight loss from LTA ashing and weight regained on
cooling in the atmosphere were measured to determine both the amount of ashable
organic matter and the weight changes attributable to dehydration/rehydration of
inorganic constituents (clay and opal). Chemical analyses (ion chromatography, INAA)
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and semi-quantitative XRD data for the ashed root materials are summarized in Ap-
pendix 6.

Bulk density determinations were made on rectangular blocks cut from the calcretes
and from spring deposits. Densities were determined by dividing the block weights
by the measured volumes of the right-rectangular blocks. Results are given in Tables 2
and 3 in section IL.D.

Spot quantitative chemical analyses were obtained from thin sections using Cameca
CAMEBAX and SX-50 electron microprobes, both operated at 15 kV and 15 na sample
current; qualitative chemical data were collected by energy-dispersive scanning elec-
tron microscopy (EDS-SEM) at 19 kV.

II. PETROGRAPHIC, LOW-TEMPERATURE ASHING, AND BULK-DENSITY
DATA

A. Petrography of Calcrete Laminae, B Soil Horizons, and Plant Roots

The petrographic data collected on calcretes from Exile Hill include thin-section
and BSE-SEM analysis of grain size, texture, density, and fossil structures. Petrographic
analysis permits mapping of five general types of laminae within the siliceous calcretes.
These lamina types are shown in Fig. 2¢, 2d, and 3b; more detailed descriptions are
given below and in Figs. 5-9. The listing below is arranged in order from laminae with
most detritus to laminae with essentially no detritus.

1. Porous and friable ooidal lami-
nae. These contain abundant ooids and
pellets (Fig. 5). The term ooid is used here
to refer to single detrital grains or frag-
ments of recycled calcrete enveloped by
concentric layers of calcite and opal, of-
ten with some sepiolite (note that in these
calcretes the structure of authigenic min-
eral rims around ooid cores is always con-

centric, never radial). The term pellet is

used to describe composite grains of ei- Fig. 5: Photomicrograph of porous,
ther single or multiple detrital or calcrete friable lamina with abundant detritus.
Pellets composed of multiple detrital
i ) grains cemented in rounded, unstruc-
and opal without internal structure. Pel- e calcite-opal bodies are abundant in

lets are generally larger than ooids (70 um  the left side of the image; ooids consist-
to 1 mm, av. 5204610 pm for pellets, vs. N8 of single (or few) detrital grains coated

. by concentric layers of calcite + opal are
50 pm to 1 mm, av. 200£160 pm for ooids). chmon in the };ight side of the Iljm age.

The abundance of inherited rockand min-  Hprizontal field of view is 2.36 mm.

fragments encased in fine-grained calcite
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eral fragments in both ooids and pellets gives these laminae a large component of
detritus (for typical samples, 3 to 31%, average 14% detritus).

Within this classification is a relatively rare set of laminae in the vein calcretes that
stand out in exposures because they are dark in color. These laminae are largely verti-
cal and, although discontinuous, seldom have low-angle cross-cutting orientations.
The dark color of these laminae is due in part to their relatively abundant basaltic ash.
However, the bulk of the detritus in these laminae is derived from tuffaceous rocks.
Modal analysis of one such lamina shows 48% tuffaceous detritus, 4% basaltic ash,
and 48% authigenic calcite plus silica (volume percentages). This is in good agreement
with the results of quantitative XRD of this lamina indicating 54% detritus (weight
percent). Although detritus-rich, the ooid forms in these ash-bearing laminae have thin
and poorly developed rinds of authigenic minerals, indicating either young or arrested
authigenic mineralization.

2. Root-rich, friable laminae. These are weak and porous and contain abundant
root fossils (Fig. 6a). The root fossils in these laminae are generally ~1 mm in diameter
or less; coarser root features are not preserved. The characteristic root fossil in these
laminae is an opalized root sheath, preserving the cell structure of the rhizoderm. The
interior cells, constituting the cortical parenchyma, are not fossilized, leaving a void that
is typically lined by calcified filaments (Fig. 6b). These calcified filaments are hollow
tubules about 5 um in diameter and tens of pm long, made up of small, equant,
subhedral-to-euhedral calcite crystals <1 um in size. Within this lining of calcified fila-
ments, the void left by the cortical parenchyma contains extremely delicate splays of
needle-fiber calcites (Fig. 6¢c). The needle-fiber calcites are highly elongate calcite crys-
tals, 1-2 um x 10-150 pm, with elongation ~45° to the crystallographic c-axis. Descrip-
tive references for the terms in italics can be found in Jaillard et al. 1991 (root structure)
and in Klappa 1979, Phillips and Self 1987, Wright 1986 and 1989, and Vaniman et al.
1994 (calcified filaments and needle-fiber calcites). Calcified filaments are common in
pedogenic calcretes, where they may be formed by a number of microorganisms or by
calcite precipitation around root hairs (Klappa 1979). The small diameters and hy-
phae-like morphology of the calcified filaments, and the demonstration of calcite pre-
cipitation by soil fungi in culture experiments (Monger et al. 1991), support a fungal
origin for these features. Needle-fiber calcite has been described from a number of
pedogenic environments and attributed to calcification of fungal hyphae within de-
caying roots (Phillips and Self 1987; Wright 1986 and 1989). Also found within some of
the root casts are extremely delicate acicular microcrystals, tapering from ~0.5 pm at
their bases to points (Vaniman et al. 1994). This fossil form can develop within fungal
hyphae and consists of either calcite or Ca-oxalate crystals (Klappa 1979; Simkiss and
Wilbur 1989). The root-rich, friable calcrete laminae have variable amounts of rock and
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mineral fragments, giving them a range of detrital-mineral contents (0 to 13%, av 5%

Fig. 6: (a) Photomicrograph of root-
rich, friable lamina with ooid (lower left),
pellet (lower right), and root fossil (upper
right). Horizontal field of view is 1.18 mm.
(b) Scanning electron micrograph of cal-
cified filaments from within a root fossil.
Scale bar is 50 pm. (c) Scanning electron
micrograph of needle-fiber calcites from
within a root fossil. Scale bar is 10 pm.
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3. Dense and resistant laminae.
These often show evidence of shearing
within the vein calcretes (Fig. 7a). The
laminae consist of densely intergrown
fine-grained (<5 pm) calcite plus opal;
they constitute the hardest component in
the calcretes, appearing dense in hand
sample with vitreous luster and brown to
white color. Evidence of shearing is best
seen in thin section as a sigmoidal fabric
within some of the dense laminae. Inter-
estingly, these dense laminae also com-
monly contain root fossils, like the root-
rich, friable laminae that are much softer
(see above). However, the root fossils
within the dense laminae include both the
delicately opalized roots described above,
with calcified filaments and needle-fiber
calcites, in dense laminae that are
unsheared (Fig. 7b), as well as root fossils
in which the cells of the cortical paren-
chyma are sometimes outlined by opal
(and/or sepiolite) and often filled by cal-
cite crystals (Fig. 7c). Other root fossil
forms include relicts of calcareous fossil-
ization in which the root fossil and its sur-
roundings have been opalized. As in the
root-rich, friable laminae described above,
root fossils larger than ~1 mm are not pre-
served. The dense and resistant laminae
generally have few detrital rock or min-
eral grains (0 to 9%, av 2% detritus).

4. Rare sepiolite-plus-calcite lami-
nae. Sepiolite, a chain-structure clay min-
eral [Mg4(Si;Os)s(OH),:6H,0], is common
in all of the laminae described above, but




= —

Fig. 7: (a) Photomicrograph of dense,
resistant lJamina. Scale bar is 1 mm long,.
(b) Scanning electron micrograph of an
open root fossil in a dense lamina, show-
ing calcified filaments that drape the walls
of the open structure. Scale bar is 100 pm.
(¢) Scanning electron micrograph of a root
fossil cross-section showing cell walls re-
placed by calcite, with some cell interiors
replaced by opal and with septae of
sepiolite between the cells. Scale bar is 200

.

only in abundances less than ~5%. There are a few small discontinuous laminae with
higher sepiolite concentrations and there is one sample block from the south wall of
Trench 14 in which a late-formed lamina of intergrown calcite-plus-sepiolite (Fig. 8)

drapes earlier laminae in a small-scale
unconformity (Fig. 2c). Parts of thislamina
contain 39% sepiolite, 61% calcite, and
essentially no detritus (sample 1,p13 in
Appendix 5).

5. Laminae of pure opal. These are
discontinuous and thin, and occur within
fractures, particularly in the vein calcretes
(Fig.9). These opaline laminae provide the
only authigenic minerals that can readily
be separated from other authigenic min-
erals in the calcretes; the other common
authigenic minerals (calcite and sepiolite)
are too fine-grained and too intimately

Fig. 8: Photomicrograph of sepiolite-
plus-calcite lamina (right) that drapes
calcrete block LANL#1 (see Fig. 2c). Scale
bar is 250 pm.




intergrown to be separated. In all other
laminae, the opal is also too intimately
intergrown with fine-grained calcite tobe
separated. In contrast, the pure opaline
laminae may be a few millimeters wide
and several centimeters long. Most of
these laminae occur in open fractures and
have a botryoidal surface morphology
indicating precipitation against one wall
of the fracture and outward growth into

. Fig. 9: Photomicrograph of pure opal
the fractur d. Both 1-A - & grapnoip P
© ac. . e void. Both opal-A (amor lamina (opal-A) from within calcrete block
phous silica) and opal-CT (largely amor- 1 AN 49 (see Fig. 2¢). Scale bar is 0.5 mm.
phous but with both cristobalite-like and

tridymite-like stacking) can occur as pure

laminae. These laminae contain no detect-
able detritus (sample 245,p2 in Appendix
4 and sample 349,p1 in Appendix 5).

In addition to the petrographic analy-
sis of calcrete laminae, thin-section and/
or SEM studies were made of the overly-
ing B soil horizons and of plant roots from

£ th i tl ing at
some O. e spec1es curren y growmg a 3 m‘

Fig. 10: Photomicrograph of opalized

) root fossil from 2Btj soil horizon in
fur—Ephedra nevadensis; and desert thorn LANTL#430. Scale bar is 2 mm.

or twin fruit—Menodora spinescens) and

some that have been inferred to have grown in the vicinity under past pluvial climates

Exile Hill (creosote bush— Larrea
divaricata; Mormon tea or Nevada joint

(pifion—Pinus monophylla; juniper—Juniperus osteosperma). Further discussion of these
and other plants, with their relevance to the calcretes at Exile Hill, can be found in
Quade and Cerling (1990).

In the B-horizon soils (Fig. 2b), weathered detrital grains are abundant and in-
clude both vitric and devitrified tuff fragments as well as mineral fragments of quartz,
tridymite, cristobalite, alkali feldspars, biotite, pyroxenes, amphiboles, Fe,Ti-oxide
minerals, sphene, and zircon. The principal authigenic mineral is a dispersed clay;
opal is seldom visible, but can be seen associated with calcite in deposits that drape the
undersides of pebbles. In the lower (2Btj) horizon, above the calcrete, opalized root
fossils occur with a form (Fig. 10) similar to those that occur in the underlying root-
rich, friable laminae of the calcretes (see above).
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The petrographic observations on
roots from living plants are limited; most
of the plant solids are amorphous and al-
though whewellite [CaC,0,2H,0] occurs
as a mineral in all of the roots studied, it
is seldom visible as discrete crystals. The
sole exception is in the roots of the creo-
sote bush, where whewellite can be seen
as equant crystals (Fig. 11).

B. Comparative Petrography: Spring ) ] )
Deposits Fig. 11: Scanning electron micrograph
of equant whewellite crystals in root

sample LANL#351 (inner part of creosote
ley and Death Valley, as well as calcified bus}I: root). Scale ba(r is 2r0103 pm(.) “

Spring deposits of the Amargosa Val-

plant material from a seep at Crater Flat,

were studied for comparison with the calcite-silica deposits at Exile Hill. The localities
sampled represent both active springs (GMC, Grapevine, and Nevares springs) and
fossil springs (site 199 in south Crater Flat, IMV spring, and Travertine Point). Both
veins and surface deposits were studied. These localities are shown in Fig. 1a.

The vein deposits and tufa mounds associated with spring activity are laminated,
but the laminae are markedly different from those observed in the calcretes. Lami-
nated vein deposits at spring localities typically include mm-scale or finer bands that
represent growth bands within splays of calcite crystals that radiate from the fracture
walls toward the vein center. Alternations in texture, crystal size, and morphology
typically parallel the fracture walls (Fig. 12a). Massed growths of fibrous calcites are
common, although in some veins individual crystal sizes range up to 1 cm or more
(Fig. 12b). The laminae in tufa mounds are developed without the fine growth band-
ing seen in the veins but contain instead a variety of fine-grained calcite textures (Fig.
13). Most spring deposits contain fossil remnants of a wide range of organisms, rang-
ing from bacteria and algae to encrusted remains of vascular plants (Pentecost 1992).
Common in the surface deposits of springs in the vicinity of Yucca Mountain are bac-
terial clumps (Fig. 13a) and ostracod shells (Fig. 13b). Chafetz and Folk (1984) identi-
fied bacterial clumps— brownish spots included within single crystals or aggregates
of sparry calcite, 10 to 60 um in diameter—as the elementary building blocks of
travertines. Such features are typical of spring mounds in the vicinity of Yucca Moun-
tain (Fig. 13a), but not of the calcretes at Exile Hill.

The fossilized remains of vascular plants in spring deposits of the vicinity are par-
ticularly important because they contrast markedly with those found in the calcretes
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Fig. 12: Photomicrographs of (a) fibrous-structure vein calcite and (b) massive vein
calcite from Travertine Point. Both photomicrographs are from the same thin-section
of a single sample (LANL#755). Scale bars are 2 mm.

Fig. 13: Photomicrographs of (a) bacterial clumps (ref. Chafetz and Folk 1984) and
(b) ostracod fossil from the Nevares spring mound (LANL#760). Calcite forming the
ostracod shell is exceptionally Sr-rich; microspar lining the interior of the ostracod
shell is Mg-rich (Table 4). Scale bar in each photomicrograph is 200 pm.

at Exile Hill. Root fossils are typical of the calcretes at Exile Hill, with common preser-
vation of calcified filaments and needle-fiber calcites (Fig. 6). In contrast, plant remains
associated with spring discharge in the region are dominated by calcite casts that have
formed around the stems of plants, preserving none of the cell structure and lacking
the delicate filaments and needle-fibers that are characteristic of the calcretes. Meniscal
septae, formed by small calcite crystals that formed by precipitation at the water/air
interface are indicative of standing water between and within the fossilized plant re-
mains (Fig. 14a). The root fossil from the seep at Site 199 has complete calcite replace-
ment of the root form with poor preservation of cellular structure but with abundant
bacterial clumps (Fig. 14b). Features like this are not found in any of the calcretes at
Exile Hill.
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Fig. 14: (a) Photomicrograph of fossilized plan stem from the Nevares spring mound
(LANL#762). Stem walls (vertical) provided nucleation sites for radial-fabric calcite;
concave-upward meniscal forms can occur both within and between stems. Note abun-
dance of loosely cemented bacterial clumps (see Fig. 13a). (b) Photomicrograph of fos-
silized root from the seep at Site 199 (LANL# 251; see Fig. 1a). Radial fabric extends
from root center at left to concentric fabric at root rim on right. Note that fine-scale cell
structure is very poorly preserved, because fossilization is principally by bacterial
clumps of about 30 pm diameter. Fossilization is by Mg-rich calcite with minor amounts
of dolomite (Table 4). Scale bar in each photomicrograph is 2 mm.

C. Low-Temperature Ashing of Roots and Calcretes

The results of low-temperature ashing (LTA) of root samples are illustrated in Fig.
15. The LTA process removes organic C, H, and N from plant material by oxidation
under gentle microwave heating; the remaining material consists of amorphous and
crystalline ash constituents of the roots. The weight fractions of mineral material in
desiccated root samples (roots that had been removed from the ground for several
months) range from 4% (pifion) to 14% (outer sheath of creosote root). These results,
derived from the data illustrated in Fig. 15, are listed as the ash/root weight fraction in

Appendix 6.

100

Several calcrete and B-horizon soil ool o360.51
samples were also heated by LTA to de- s {& s3z v
termine the content of oxidizable organic ™ l‘\;_ mreen
matter in these samples. Results are g:: }i *
shown in Fig. 16. These samples were §‘4°- \%.\nn -
found to regain weight after LTA treat- & |, :,,,n - .
ment; this behavior is attributable to the ~ =f Sagy
high clay content in these samples. Clay =~ ™ \" QW
content correlates with the percentage of LEC LR R 2;",,;%53“" % w0 w0
weight regained after LTA (Fig. 17). The Fig. 15: Percentage weight loss versus
net final weight loss for most calcrete time in LTA of root samples.
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Fig. 16: Weight variation in LTA for

calcretes (LANL samples 7, 47, 48, 243, 245,
and 246) and B soil horizon samples (LANL .4 g soil horizon samples after LTA

samples 429 and 430; pl=<425 um and  yeqiment, versus clay content (cf. Fig.
p2=<45 pmy). Samples were removed from {4y

LTA and allowed to rehydrate at 266 hours.

Fig. 17: Weight regained by calcrete

samples, attributable to organic components, is ~0.5%. An exception is one of the dense
laminae from the slope calcretes (sample 245,p3) of Trench 14, with a net final weight
loss of ~2.5%. The results from this sample suggest that a few laminae may be higher
than others in oxidizable organic matter, although the bulk or channel samples, aver-
aged across several laminae, are not (samples 7,p1; 47,p1; 243,p1). The B-horizon soil
samples have net oxidizable organic-matter contents of ~1.3-2.0%.

D. Bulk-Density Data

The bulk densities of calcrete samples were determined from measured blocks.
Right-rectangular blocks of calcrete samples from Trench 14 were sawed, dried at 50°C,
measured, and weighed. The volume, weight, and bulk-density data are listed in
Table 2.

Comparable measurements were made of the bulk densities of spring deposits;
these data are shown in Table 3. All vein samples from the spring deposits analyzed
have bulk densities 22.5; the coarsely banded vein from Travertine Point (LANL #756)
has a density close to that of ideal calcite (2.7). Porous surface deposits at active springs,
such as Nevares (LANL#760), can have lower densities that are close to those found in
the dense calcrete lamellae (LANL #49, Table 2).

E. Mineralogic Data
1. Mineralogy of calcite-silica deposits at Exile Hill. The quantitative mineralogic
data collected by XRD for samples from Exile Hill are surnmarized in Appendices 1 to
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TABLE 2. Bulk Densities of Calcrete Samples from Trench 14

sample type weight (g) volume (cm3) bulk density (g/cm3)
LANL #7 bulk vein calcrete 33.1745 21.0 1.6
LANL #49 dense calcite-opal 1.2950 0.7 1.9
lamina in vein calcrete
LANL #244 ooidal-porous lamina 3.7955 27 14
in slope calcrete
LANL #245 bulk slope calcrete 12.4890 7.8 1.6
LANL #246 root-rich lamina in 4.8616 3.1 1.6
slope calcrete
av. 1.6 +0.2
TABLE 3. Bulk Densities of Spring Deposits
sample location/type weight (g) volume (em3) bulk density (g/cm3)
LANL#753  IMV Spring/ 66.6490 26.2 25
opal-CT
LANL #754  Travertine Point/ 8.6485 3.4 25
finely-banded
calcite vein
LANL #756  Travertine Point/ 90.8592 342 2.7
coarse-banded
calcite vein
LANL #760  Nevares Spring/ 19.2067 9.4 2.0
calcite mound
LANL #766  Grapevine Spring/ 17.1716 6.8 25
black calcite vein

5, with semi-quantitative root mineralogy in Appendix 6. The only pure mineral sepa-
rates obtained from the calcretes have been of opal, from the opaline laminae mapped
in Figs. 2c, 2d, and 3b. Large opaline root fossils have also been collected from sand
ramps east of Exile Hill (Vaniman et al. 1988). In all other calcrete laminae, calcite and
opal, or calcite and sepiolite, are closely intergrown. Calcite crystals are small—most
(>95%) are <5 um. Attempts to obtain pure calcite separates by crushing and density
separation have failed because of intimate intergrowth with other minerals. Sepiolite
is locally abundant (~40%) in only a few laminae (Fig. 2c); the overall abundance of
sepiolite and amorphous Fe, Mn, and Ti oxides is <1%. Rare evaporite minerals (gyp-
sum and halite) have been found in the B soil horizon in Trench 14C (Fig. 1b).
Quantitative XRD provides a direct measurement of calcite, clay, and igneous min-
eral abundances in rocks and soils at Exile Hill. Although both opal-A and opal-CT are
recognized in the XRD data, opal-A abundance must be determined by difference from
100%, using internal-standard methods. The errors introduced in this manner are pri-
marily those of ignoring volcanic glass and organic material that have amorphous
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diffraction properties similar to opal-A; the opal-A values for soil samples in the Ap-
pendix tables are therefore maximum contents. Nevertheless, petrographic analysis
indicates a low abundance of volcanic glass (<2%) and low-temperature ashing indi-
cates <3% ashable organic material in the calcretes and in the size fractions of Bt hori-
zons described here (see above, section II.C on Low-Temperature Ashing of Roots and
Calcretes). The opal-A values cited are therefore believed to be accurate within the
errors listed in the Appendix tables. The authigenic calcrete constituents are described
below by mineral or amorphous-material type; smectite is included in this list, even
though it may be both an authigenic and allogenic mineral in the B soil horizons and
calcretes. The mineralogy of the detritus is complex; complete descriptions of the de-
trital minerals are not dealt with in this paper because they do not affect the conclu-
sions, although the relevant heavy-mineral constituents (especially hematite and am-
phibole) are described in section IV, Discussion.

a. Calcite. Calcite is the most abundant authigenic mineral in the calcretes. Calcite
contents of the calcretes, determined by quantitative XRD, range from 26% to 70% for
individual laminae (with the exception of ash-bearing laminae, containing only 17%
calcite, and pure opaline lJaminae containing no calcite). Averages representing mul-
tiple laminae (bulk or channel samples) contain 47% to 59% calcite. There are no pure-
calcite lJaminae, and (as noted above) the fine grain size and intimate intergrowth of
calcite with other minerals made separation and concentration of calcite impractical.
Contrasted with its abundance in the calcretes, calcite is only a rare constituent of the
overlying B horizons (Appendix 3). Calcite can be seen in hand sample and in thin
section in the Btk horizon as fine-grained coatings on the undersides of pebbles, where
the calcite is commonly associated with opal. The very low calcite contents reported
for B-horizon soil samples in Appendix 3 (<1%) are in part a result of sample selection,
because the >425 um size fraction, containing the partially calcite-coated pebbles, was
not crushed to be included in the XRD analysis.

Although chemical compositions of pure calcite in the calcretes could not be de-
termined on mineral separates, some of the calcites in thin section are large enough
(>10 um) to permit electron-microprobe analysis. Calcite analyses from the calcrete
are listed in Table 4, along with calcite and dolomite analyses from the seep at Site 199
and calcite analyses from several springs. Calcite is the only significant reservoir for
Ca and for Sr in the calcretes; even though calcite could not be separated for analysis,
the chemical and quantitative-XRD data for the calcretes (Appendices 1, 4, and 5) can
be used to plot Sr, against either percent CaO (with 56% CaO representing ideal cal-
cite) or against the XRD-determined percent calcite, to estimate the range of Sr con-
tents in calcites of the calcretes. The results are shown in Fig. 18a and 18b. The range of
Sr contents in calcite of the calcretes is ~800 to 2100 pg/g, excluding samples with Sr-
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Fig. 18: (a) Content of Sr versus weight-percent CaO (by INAA) and (b) content of
Sr versus weight-percent calcite (by XRD). These two plots, using independent mea-
sures of the content of authigenic calcite, indicate a consistent range of 800 to 2000-
2100 pug/g Sr in authigenic calcites of both slope and vein calcretes, although the vein
calcretes have a somewhat higher average Sr content.
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rich basaltic ash or zeolites. Comparable Sr contents are found in calcites of the Site 199
seep and in the spring deposits (Appendix 7). The coarsest calcite observed in the
calcretes of Trench 14 (anhedral crystals of up to ~60 pm intergrown in open voids of
sample 49) have no detectable Sr in electron microprobe analysis (Table 4), although
Fig. 18 indicates that the more typical, fine-grained calcites of the calcrete should have
SrO contents ranging from ~0.09 to 0.25%. Earlier electron microprobe analyses of rela-
tively coarse calcite from Trench 14 do report detectable SrO at the lower end of this
range (Vaniman et al. 1988), but the highest SrO contents apparently occur in the more
abundant, fine-grained calcites that are too small (<5 pm) for electron microprobe analy-
sis. It is worth noting that the highest SrO contents observed in any sample are in
ostracod fossils from the spring mound at Nevares (sample 760,t1a; Table 4).

b. Opal. The calcretes at Exile Hill are siliceous, containing variable amounts of
opaline silica. The forms of opal in these deposits include both opal-A and opal-CT.
Opal contents of individual calcrete laminae range from 0% to 57% (with the exception
of ~100% pure opaline laminae). Averages representing multiple Jaminae (bulk or chan-
nel samples) contain 31% to 42% opal. Pure opaline laminae in the calcretes occur as
both opal-A and opal-CT; INAA chemical analyses of both kinds of opal from the
calcretes are reported in Appendix 4 (opal-CT from a slope calcrete) and in Appendix
5 (opal-A from a vein calcrete). Electron microprobe data from opals in the calcretes
indicate only minor amounts of A1,O; (<0.2%).

c. Sepiolite. Sepiolite is ubiquitous in the calcretes, but only reaches significant
abundances (up to 39%) in rare laminae, where sepiolite is intergrown with calcite in
pods several millimeters in length (Fig. 8). Elsewhere in the calcretes sepiolite can oc-
cur within ooid rims, as a component of fossilized roots, as small fibrous deposits, or
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TABLE 4. Electron Microprobe Analysis of Corase (250 pm) Calcites

sample: 49.t1a 49t1a 251 tl1al 251.t1a2 750,t1a 750,t2a 753t1a 753t1a
locality:  Trench 14 Trench 14 Site 199 Site 199 GMC GMC MV MV
calcrete calcrete seep seep spring spring spring spring
mound mound
weight percent oxides
CaO 54.3 56.4 29.8 50.0 56.0 55.7 55.4 54.0
MgO 0.88 0.20 225 5.59 0.42 0.33 0.91 1.06
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MnO 0.0 0.0 0.0 0.04 0.0 0.0 0.0 0.0
SrO 0.0 0.0 0.0 0.22 0.0 0.0 0.0 0.0
BaO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
*CO2 44.8 434 47.7 4.1 43.5 43.9 43.7 449
cation formulae normalized to 3 oxygens

Ca 0.960 1.011 0.489 0.881 1.002 0.995 0.989 0.954
Mg 0.022 0.005 0.515 0.137 0.010 0.008 0.023 0.026
Fe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.001 0.000 0.000 0.000 0.000
Sr 0.000 0.000 0.000 0.002 0.000 0.000 0.000 0.000
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
*C 1.009 0.992 0.998 0.990 0.993 0.998 0.994 1.010
z 1.991 2.008 2.002 2.011 2.005 2.001 2.006 1.990
sample: 754,81 7541 755t1a 755t1a 755,t1a 766,t1a 760,t1a 760,t1a
locality: Travertine- Travertine- Travertine- Travertine- Travertine- Grapevine- Nevares Nevares

Point Point Point Point Point Spring Spring Ostracod

Vein Vein Vein Vein Vein Vein Mound Fossil

weight percent oxides
Ca0 54.1 54.8 52.5 52.3 53.4 53.3 54.2 54.3
MgO 1.64 0.26 247 2.63 153 1.90 2.06 0.33
FeO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
MnO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
SrO 0.0 0.0 0.14 0.26 0.0 0.11 0.0 0.46
BaO 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
*CO2 442 449 44.9 4.7 45.0 44.7 43.7 449
cation formulae normalized to 3 oxygens

Ca 0.960 0.970 0.924 0.922 0.941 0.940 0.964 0.961
Mg 0.040 0.006 0.060 0.064 0.037 0.047 0.051 0.008
Fe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Sr 0.000 0.000 0.001 0.002 0.000 0.001 0.000 0.004
Ba 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
*C 0.999 1.012 1.007 1.005 1.011 1.006 0.992 1.013
z 1.999 1.988 1.992 1.993 1.989 1.994 2.007 1.986
*CO2 and C by difference

as clasts reworked into later-formed calcretes. The abundances of sepiolite in indi-
vidual laminae containing these other occurrences do not exceed 5%. Sepiolite can also
occur in the hematite-altered tuffs within and adjacent to the calcretes (Appendix 2).
Sepiolite has not been found in the B-horizon soil samples. Representative electron
microprobe analyses of sepiolite are listed in Table 5. As with other hydrous minerals,
water is estimated by difference and may be lost by volatilization during analysis.
These analyses are therefore constrained by summing the measurable cations (Si, Al,
Fe, Ca, Mg, Na, and K) to equal 10 in the ideal sepiolite formula:
Mg4(Si20s)3:(OH)»+6(H,0), or 4MgO+65i0,+7H,0. The quality of analysis is best evalu-
ated by examination of how close the Si content is to 6 and how close the Mg content is
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to 4, although some substitution of Al for Si is suggested in several of the sepiolite
analyses and most samples have significant substitution of Al, Fe, Ca, Na, and/or K
for Mg. The sepiolite clast in thin section 1,t11 is notably Fe-rich and the clast in thin
section 4,t1 is Al-rich. In contrast, the sepiolite of the mappable sepiolite lamina (Fig.
2¢) is closer to the ideal Si-Mg composition. From these data it is apparent that there is
a range of sepiolite compositions in the calcretes.

TABLE 5. Electron Microprobe Analyses of Sepiolites from Trench 14 Calcretes

sample: 1t11 L1 441 4t 411 1413 1413 143
type: sepiolite sepiolite sepiolite sepiolite sepiolite large large small
clast clast clast clast clast sepiolite sepiolite sepiolite
lamina lamina lamina
weight percent oxides
Si0p  55.7 55.0 56.3 52.3 53.7 57.0 56.1 56.6
Al2O3 115 1.21 2.72 251 226 0.28 0.44 0.37
TiO2 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0
FepO3 541 4.60 0.0 0.0 0.0 0.0 0.0 0.0
MnO 0.00 0.0 0.0 0.0 0.0 0.0 0.0 0.0
CaO 0.31 0.29 0.0 0.0 0.0 0.14 0.31 0.22
MgO 200 19.4 23.7 220 224 25.2 249 240
Na2O 041 0.47 0.0 0.0 0.0 0.15 0.14 0.21
K20 0.29 0.30 0.0 0.0 0.0 0.08 0.11 0.09
*HoO 167 18.8 17.3 232 21.6 17.1 18.0 18.5
cation formulae normalized to 10 cations (excluding H)
Si 6.026 6.085 5.933 5.938 5.979 5.974 5.941 6.049
Al 0.147 0.158 0.338 0.336 0.297 0.035 0.055 0.047
Ti 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Fe 0.440 0.383 0.000 0.000 0.000 0.000 0.000 0.000
Mn 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
Ca 0.036 0.035 0.000 0.000 0.000 0.016 0.035 0.025
Mg 3.225 3.196 3.727 3.720 3.714 3.934 3.924 3.820
Na 0.086 0.101 0.000 0.000 0.000 0.030 0.029 0.044
K 0.040 0.042 0.000 0.000 0.000 0.011 0.015 0.012
*H20 6.016 6.924 6.064 8.768 8.026 5.974 6.360 6.609

*Ho0 by difference

d. Amorphous Fe, Mn, and Ti oxides. Voids in the vein calcretes of Trench 14 may
contain fillings or linings of amorphous Fe, Mn, or Ti oxides. These deposits are a
minor constituent of the vein calcretes (generally <1%), but they can be a significant
reservoir for Fe and associated elements (esp. Sc) because of their often high Fe con-
tents. The possibility of some crystallinity within these features can not be ruled out,
but the compositions of these metal-rich deposits are highly variable, suggesting largely
amorphous composition or a fine-grained mixture of poorly crystalline phases (Table
6). The electron microprobe data in Table 6 also suggest some intergrowth of calcite
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and opal with these oxide deposits, as well as intermixtures of lesser amounts of Mg
and Al, particularly within the more Mn-rich deposits. In some instances, these depos-
its appear to fill root-fossil voids (Fig. 19a); in other instances they replace ooid rims or
line cavities and fractures in the calcretes (Figs. 19b-c). The chemical data in Table 6
separate these opaque deposits into three types (Fig. 19d): Fe-rich deposits with minor
amounts of Mg; Ti-rich deposits with minor amounts of Al; and complex Mn-rich de-
posits with appreciable amounts of Si, Al, and Mg. Amorphous metal oxides also oc-
cur in the slope calcretes and in the B-horizon soil samples, but they appear to be even
less common there than they are in the vein calcretes.

TABLE 6. Electron Microprobe Analyses of Amorphous Fe, Mn, and Ti oxides from Trench

14 Calcretes
sample: 1110 1,410 13 72 782 782 713 73
type:  Fe-rich Fe-rich Fe-rich Mn-rich Mn-rich  Ti-rich  Ti-rich  Ti-rich
55(0)] 6.62 10.4 9.64 29.3 49.9 5.00 6.08 4.82
AloO03  1.09 1.41 1.26 212 2.04 5.20 5.16 4.14
TiO2 0.0 0.0 0.0 0.17 0.08 81.0 72.9 78.3
FepO3 754 48.0 57.7 0.74 0.66 0.0 0.0 043
MgO 0.79 1.24 1.09 2.28 3.49 0.0 0.0 0.0
MnO 0.13 0.23 0.25 355 11.1 0.0 0.0 0.0
CaO 2.88 4.80 4.15 3.7 1.56 0.70 0.70 0.30
K20 0.0 0.0 0.0 0.16 0.19 0.0 0.0 0.0
NayO 0.55 0.56 0.17 0.49 0.23 0.31 0.33 0.30
diff. 125 33.3 25.7 25.6 30.7 7.74 14.8 11.7

In addition to the elements listed in Table 6, energy-dispersive spectra of some Fe-
rich amorphous deposits indicate minor amounts of S, Cu, Zn, and perhaps Ni. These
are many of the same elements that are highly elevated in the root ash samples from
Exile Hill (Appendix 6).

e. Smectite. Smectite clays are more abundant in the calcretes of Trench 14A than
they are in Trench 14. The calcretes of Trench 14A contain up to 34% smectite, whereas
the calcretes of Trench 14 contain no more than 10% smectite and generally <5%. At
Trench 14, smectite contents of 9-12% are found in the <425 um size fractions of B-
horizon soil samples from above the calcretes. The Btk horizon also contains 6% illite.
Clays were separated from the B-horizon soil samples at Trench 14 for further charac-
terization (samples 429,p3 and 430,p3; Appendix 3).

XRD analyses of the separated clays indicate poor crystallinity. What appears as a
well-crystallized illitic component in the 1-3 um fraction is much degraded in the <0.35
um fraction (Fig. 20). This poorer crystallinity with finer grain size, plus the exception-
ally Fe-rich composition of the finest (<0.35 mm) clay fraction (>5% FeO; see the analy-
ses of Btk and 2B{j clay separates in Appendix 3), indicate that the “illitic” component
isin fact largely due to degradation of detrital biotite. Much of the clay may be eolian.
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Fig. 19: (a) Scanning electron micro-
graph of amorphous Fe-rich oxide filling
of root core, sample 1,t10 (see Table 6).

Upper part of image shows opalized cell structure of outer root. Scale bar is 70 um. (b)
Photomicrograph of Mn-rich replacement of outer part of ooid rim in sample 7,12 (see
Table 6); scale bar is 100 um. (c) Photomicrograph of Ti-rich bodies filling voids in
sample 7,t3 (see Table 6); scale bar is 400 um. (d) Combined ternary plots illustrating
relatively simple composition of metals in Fe-rich deposits, aluminous nature of Ti-
rich deposits, and complex variation of Mn-rich deposits.

Long-range eolian transport is especially effective at size ranges of ~2 to 40 pm (Junge
1979).

f. Other minerals. The only other authigenic minerals yet found associated with
B-horizon soils or calcretes at Exile Hill are whewellite, gypsum, and halite. Gypsum
and halite are rare; they are found in trace amounts in the B-horizon soils at Trench
14C, either associated with decaying roots (Fig. 21) or with deposits in open soil voids.
Gypsum occurs within some voids as small, curved crystals resembling the gypsum
cave flower forms found in some underground deposits. Whewellite appears to be
strictly restricted to occurrences within living roots (see Fig. 11). Gypsum and halite
occur only in rare and localized portions of the Exile Hill soils. Whewellite, although
restricted to living roots, may be a significant contributor of Ca to the near-surface
calcite deposits by virtue of many repetitions of root growth and death cycles in the
upper 15 m of soil and rock into which roots penetrate (Vaniman and Whelan 1994).
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Fig. 20: X-ray diffraction patterns of
clay separates from the 2Btj soil horizon,
showing the loss of sharp illitic peaks in
the finest fraction. This particle-size de-
pendence indicates that the illitic compo-
nent is in fact an inheritance of altered bi-
otite.

Fig. 21: Scanning electron micrograph
of gypsum crystals (bright angular grains)
on top of larger, rounded, halite grains.
Specimen is from the inner wall of a par-
tially decayed root within the B soil hori-
zon in Trench 14C. Scale bar is 10 pm.

2. Comparative mineralogy: Spring deposits and Paleozoic dolomite. For com-
parative purposes, XRD data from spring and seep deposits of the region around Yucca
Mountain are listed in Appendix 7. Table 7 summarizes the common mineralogy ob-
served in spring deposits that were sampled for this study. A variety of veins, mounds,
and discharge features in the vicinity were sampled. Calcite predominates in these
deposits; the mineral chemistry of calcites from spring deposits can be compared with
calcites from the Trench 14 vein calcrete in Table 4. Although poorer stoichiometry is
obtained in analysis of the fine-grained calcites from the calcretes, electron microprobe
analyses of 20 calcrete calcites from Trench 14 indicate a lack of any calcites with MgO
> 1%. This contrasts with the calcites from seeps and springs that may have calcites
with such low MgO contents but generally include calcites with higher MgO (Table 4;
Fig. 22). Exceptionally high MgO contents were found in the calcites of the seep at Site
199, in a root fossil formed of Mg-rich calcite and minor amounts of dolomite (Table 4;
Fig. 22). The generally higher MgO content of most of the spring calcites sampled is in
accord with the minor occurrence of dolomite along with calcite in several of the samples
from the Travertine Point veins and from the active spring mound at Nevares.

As in the calcretes, both opal-A and opal-CT are found in the spring deposits.
However, the opal-A that was sampled occurs as algal mats near the active discharge
at GMC spring; small veins of opal-CT occur in older, inactive portions of the GMC
Spring. Opal-CT also occurs as massive white nodules of vitreous luster, often several
centimeters in diameter, at the inactive IMV spring mound. The chemical data for the
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two opal samples analyzed from calcretes (Appendices 4 and 5) and for the two opals
analyzed from spring deposits (Appendix 7) vary widely, indicating no systematic
chemical distinctions. However, a notable distinction from the calcrete deposits is the

TABLE?7. Quantitative-XRD Determinations (Weight %) of Spring-Deposit Mineralogy*
(*”smectite” component may include smectite, sepiolite, or both)

locality: Site 199  GMC Spring GMC Spring GMC Spring GMC Spring GMC Spring

sample: 251,p1 750,p1 750,p2 750,p3 751,p1 752,p1
ype: root bulk green bulk algal bulk
fossil calcareous siliceous calcareous mat siliceous
deposit deposit deposit deposit
quartz tr 24(2) 85(4) 1(1) - 3(1)
feldspar tr - - - - 11(1)
amphibole - - - - - tr
smectite* - - - - - 6(2)
illite - - 17(5) - - 6(2)
zeolite - - - 3(1) - -
gypsum - - - - - -
opal-A - - - - 100 74(3)
opal-CT - 17(3) - 16(3) - -
calcite 100(2) 57(3) 2(1) 78(4) - -
dolomite tr - - - - -
other - - kaolinite (tr) - - -
locality: MV mv Travertine Travertine Travertine
Spring Spring Point Point Point
sample: 753,p1 753,p2 754,p1 754,p2 755,p1
type: siliceous siliceous white black white
deposit, deposit, vein vein vein
waxy luster porcelaneous
quartz fr - - - -
feldspar - - - - -
amphibole - - - - -
smectite* - - - - -
illite - - - - -
zeolite - - - - -
gypsum - - - - -
opal-A - - - - -
opal-CT 100(2) 62(12) - - -
calcite - 42(2) 100(2) 82 100(2)
dolomite - - tr - -
other - - - hematite: 14
goethite: 4
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TABLE 7 (cont.). Quantitative-XRD Determinations (Weight %) of Spring-Deposit
Mineralogy* (*”smectite” component may include smectite, sepiolite, or
both) (cont.)

locality: Nevares Nevares Nevares Nevares Nevares Nevares Nevares
sample: 757,p1 758,p1 759,p1 760,p1 761,p1 762,pl 763,p1
type: spring spring spring spring spring spring active
mound mound mound mound mound mound surface
quartz 1(1) 2(D) 1(D) tr tr 1) -
feldspar - 3D - - 3D 1D -
amphibole - tr tr - - tr -
smectite* - - - - - tr -
illite 1) 2(1) 1(1) - - 1) -
zeolite - - - -
gypsum - - tr - - - tr
opal-A - - - - - - -
opal-CT - - - - - - -
calcite 94(5) 93(5) 95(5) 100(1) 93(5) 94(5) 104(5)
dolomite 11 tr tr - - - -
other kaolinite (tr) - - - - - -

locality: Grapevine Grapevine Grapevine Grapevine Grapevine
sample: 765,p1 766,pl 766,p2 767,pl 768,p1
type: white vein black vein black vein plant casts efflorescence
at surface at surface
quartz - - - tr -
feldspar - - - - -
amphibole - - -
smectite* - - 6(2) - -
illite - -
zeolite 2(1) - - - -
gypsum - - - - -
opal-A - - - - -
opal-CT - - - -
calcite 98(10) 100(2) 94(10) 96(5)
dolomite - - - -
other - - - - halite
trona
thenardite
aphthitalite
burkeite(?)

occurrence of authigenic masses or bands of quartz at GMC Spring (samples 750,p1
and 750,p2). Minor occurrences of quartz at the other spring localities represent detri-
tal material (feldspar and amphibole are also detrital wherever they are found in the
spring deposits).

The clay minerals in the spring deposits often include a well-crystallized illite com-
ponent, unlike the B-horizon soils and calcretes at Exile Hill. There the clays consist of
smectite, sepiolite, and an illitic component that appears to be predominantly a degra-
dation product of detrital biotite. Sepiolite may be a constituent of what is listed here
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as smectite; further study would be needed to identify and quantify the smectite and/
or sepiolite in the spring deposits. Sepiolite is not unexpected in surface seeps and
springs (Vaniman et al. 1992).

The active deposits at Grapevine

= @) Spring include surface efflorescence fea-
2o | [] tures (sample 768,pl in Table 7) that are
g = “NTo white, fragile, and have a slightly bitter
§ w1 taste. XRD analysis of this efflorescence
§ 32 reveals major amounts of the minerals
- 15 halite, trona [NasH(CO3),-2H,0], and
M thenardite [Na,SO,] with minor amounts
’ = weow' ° °  ofaphthitalite [K;Na(S0,),] and possible
sl (b) burkeite [NagCO3(SOy),]. Halite, trona,
EE - and burkeite have alsobeen reported from
g SPRINGR 250 °F57° efflorescence deposits in Oasis Valley
E ;E (Vaniman et al. 1988). With the exception
§ 22 of halite, none of these minerals have yet
r been identified at Yucca Mountain, and
of il Sistioniy certainly no significant deposits compa-

ol e I

1 s~ rable to sample 768,p1 have been found.

3
MGO %

Fig. 22: Comparison of wt % MgO
contents of calcites from (a) calcretes at
Exile Hill and (b) springs and seeps of the

The Paleozoic dolomite of the Roberts
Mountain Formation was collected from
drill core UE-25 P#1. This sample consists

reglon. almost entirely of dolomite, with minor

calcite and quartz (Appendix 7). Deep carbonates with abundant dolomite could be
contributors of Mg to the relatively Mg-rich carbonates found in spring deposits of the
region (Fig. 22).

III. CHEMICAL DATA

A. Chemistry of Calcite-Silica Deposits at Exile Hill

The chemical data collected by XRF, AA, LOI, ion chromatography, and princi-
pally by INAA for samples from Exile Hill are summarized in Appendices 1 to 6. In
addition, electron-microprobe chemical analyses of several calcrete minerals and amor-
phous bodies from Trench 14 at Exile Hill are summarized in Tables 46 (discussed
above). The appendix tables provide most of the chemical information in this report;
several details of the chemical data in these tables are described below for various
groups of elements.
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1. Lanthanide elements (rare-earth elements). The lanthanide elements or rare-
earth elements (REE) serve as important markers of many petrogenetic processes. Al-
though used mostly in systems where their fluid-solid or solid-solid partitioning can
be used to model chemical evolution, they can also provide useful fingerprints of par-
ticular rocks or minerals. Figure 23 compares the Trench 14 chondrite-normalized REE
patterns, including the wall-rock tuffs exposed in the trench (Fig. 23a); the B soil hori-
zons, including various size fractions (Fig. 23b); the slope calcretes (Fig. 23c); and the
vein calcretes (Fig. 23d). Notable in these figures are
* the diminution of the negative Eu anomaly and the increase in light REE (La, Ce,

Nd) and decrease in heavy REE (Yb, Lu) in the hematite-altered Tiva Canyon Tuff

("hem.Tiva" in Fig. 23a), compared to unaltered and vapor-phase ("v.p.") Tiva;

* the similarity of diminished Eu anomaly in the B soil horizons to the hematite-
altered Tiva Canyon Tuff (Figs. 23a and 23b); and

¢ the maintenance of this same hematite-altered Tiva Canyon Tuff pattern in the
parallel curves with comparable Eu anomalies for most of the calcrete samples

(Figs. 23c and 23d). The calcrete samples with deviatory patterns are principally

those with very low REE contents in the slope calcretes (~1X chondritic; Fig. 23c),

where detection limits and analytical errors may lead to irregularities, although
among the vein calcretes (Fig. 23d) the opal-A and opal-CT laminae have low-REE
patterns that suggest La enrichment and a possible negative Ce anomaly.

Figure 24 shows comparable REE data for the root ashes from the B soil horizons
at Trench 14 on the same chondrite-normalized y-axis scale as used in Fig. 23. The
Mormon tea, boxthorn, and outer creosote samples have REE patterns comparable to
but lower in concentration than the B soil horizons; the inner creosote root ash has
strongly diminished heavy-REE abundances. The plants that have existed at this site
during past pluvial episodes (pifion and juniper) have higher REE contents and the
juniper sample has a negative Ce anomaly; it is important to note, however, that the
pifion and juniper samples analyzed for this study were collected from a surrogate
locality (Rainier Mesa) because these plants no longer occur at Exile Hill. These plants
grew in a tuff substrate different from that at Trench 14 and at a higher elevation.

Figure 25, showing the REE patterns from Trench 144, illustrates the short-range
variability in REE patterns along the Bow Ridge Fault at Exile Hill. At Trench 14A, the
calcrete samples that are closest to the Tiva Canyon Tuff (879,p1) and forming the over-
lying slope calcrete (883,p1) have chondrite-normalized REE patterns similar to the
calcretes of Trench 14 (cf. Fig. 4). However, the vein calcretes adjacent to or within the
Rainier Mesa Tuff (882,p1 and 901,p1) have a flatter chondrite-normalized REE slope
and a more pronounced negative Eu anomaly than the calcretes at Trench 14. This
different pattern at Trench 14A has similarities to two of the different tuffs found at
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Fig. 23: (a) Chondrite-normalized REE patterns for wall-rock tuffs near the vein
calcretes of Trench 14. Note the subdued Eu anomaly in the hematite-altered samples
of the Tiva Canyon Tuff (LANL sample numbers 4 and 6). (b) Chondrite-normalized
REE patterns for B soil horizon samples, including clay-mineral separates, from Trench
14. (c) Chondrite-normalized REE patterns for slope-calcrete samples from Trench 14.
(d) Chondrite-normalized REE patterns for vein-calcrete samples from Trench 14.

Trench 14A (the Rainier Mesa Tuff, sample 431,p1, that forms the hanging wall of the
fault, and an unnamed vitric nonwelded tuff within the fault, sample 880,p1, that is
part of the unit designated tb by Gibson et al. 1992).

2. Zirconium. Zirconium has been used as an immobile element against which
soil dilation or collapse can be quantified (Brimhall et al. 1991). Concentrated in detri-
tal zircons that are relatively immune to chemical weathering, Zr is physically cycled
through the open channels left by root decay and mixed into soils by root-growth
stirring. Zirconium concentration profiles, when measured on relatively large samples
(hand samples approximately 5 cm in diameter), can provide useful stratified profiles
that clarify processes of soil evolution (Brimhall et al. 1991). Figure 26 shows the rela-
tionships between the percentage of detritus (as determined by quantitative XRD) and
Zr content of the Trench 14 and Trench 14A tuff, B soil horizon, and calcrete samples.
Note that smectite clays in the B-horizon samples contain a significant component of
weathered biotite and are therefore treated as detritus. In this type of diagram, the
percentage of detritus provides a measure of the amount of local lithic plus eolian
material contributed to the B soil horizons and to the calcretes. Direct admixture of a
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uniform ratio of these two components,
derived from a uniform population of lo-
cal detritus and a uniform population of
eolian materials, should follow a simple
mixing line. Instead, the calcrete data scat-
ter widely and the B-horizon samples are
slightly to highly enriched in Zr, most
notably in the <45 um Btk sample that rep-
resents fine material at the top of the B
horizon. Zirconium, which is principally
controlled by the abundance of detrital
zircon (Brimhall et al. 1991), is concen-
trated in the finer-grained soils. It is this
finer size range that should include eolian
materials from the most distant sources
(Junge 1979). The strong variability of Zr
content in the <45 um fractions of the B-
horizon soils suggests that either the mix-
ture of distant eolian materials with local
sources does not provide a constant and
uniform source of detritus, or the pro-
cesses of weathering and soil formation
at Exile Hill fractionate the trace heavy
minerals derived from these sources. Fur-
ther study of size fractions from 100% eo-
lian deposits would be needed to clarify
the detailed role of distant eolian sources
in contributing material to the B soil hori-
zons and calcretes at Exile Hill.

3. Iron-scandium. Many interele-
ment regressions have been tested in the
calcrete samples, with the result that one
element pair in particular has been found
to be strongly correlated in the Trench 14
calcretes. Iron and scandium are corre-
lated with regression coefficients >0.99 in
both the slope and vein calcretes at Trench
14; the regressions for these two calcrete



types are essentially identical (Fig. 27a). When the samples from Trench 14A are plot-
ted along with those from Trench 14 (Fig. 27b), it can be seen that the slope calcrete
sample and two of the vein calcrete samples from this trench fit the regression relation-
ship developed for samples from Trench 14, but the calcrete sample that is adjacent to
the Rainier Mesa Tuff at the hanging wall of the fault (sample 882,p1; see Fig. 4) has a
significantly higher Sc/FeO ratio, approaching that of the adjacent tuff. The Fe and Sc
contents are controlled principally by the detritus and are not significant constituents
of the major authigenic minerals. Only minimal amounts of Fe and Sc (0.136% FeO,
0.319 ug/g Sc) are present in a calcite-plus-sepiolite sample of the vein calcrete (sample
1,p13, Appendix 5); even less Fe and Sc occur in the most pure opal or calcite-plus-opal
samples (£0.02% FeO, <0.03 ug/g Sc) of both the slope and vein calcretes (samples
245,p2, 245,p3, and 246,p3 in Appendix 4; samples 49,p1 and 349,p1 in Appendix 5).
Some sepiolite samples may contain appreciable Fe and Sc; indeed, Fe in several sepiolite
samples is readily detectable by electron microprobe (Table 5). Clearly the amorphous
Fe-oxides are rich in Fe (Table 6) and probably also contain significant amounts of Sc,
but no direct measurements of Sc content have been made on these minor (<1%) con-
stituents.

Because the principal authigenic constituents of the calcretes have so little Fe or
Sc, these elements correlate well with the amount of detritus in the samples. The ratio
of Sc/FeO in the calcretes is quite constant and, from purely chemical arguments, could
be interpreted as indicating that the detritus in Trench 14A is derived principally from
the closest wall-rock tuffs (Fig. 27c). Figure 27c compares the Trench 14 calcretes with
their wall-rock tuffs and shows a scatter in Sc/FeO ratios considerably wider than the
restricted Sc/FeO ratio of the calcretes that occur in this trench. Of the wall-rock tuffs,
the hematite-altered Tiva Canyon Tuff samples (4,pl and 6,pl) that are immediately
adjacent to the vein calcretes and immediately up-slope from the slope calcretes are
sufficiently close to the calcretes in Sc/FeO to be the principal sources of FeO and Sc in
the calcretes. The vitric nonwelded tuff is also similar in Sc/FeO ratio but, unlike the
hematite-altered tuffs, has a chondrite-normalized REE pattern with a deeper Eu
anomaly than found in the calcretes (Figs. 23a, 23¢, and 23d). The unaltered Tiva Can-
yon Tuff and the opalized Tiva Canyon Tuff that are farther from the fault have lower
Sc/FeO ratios, as well as having REE patterns that do not match the calcretes (Figs.
23a, 23c, and 234d).

Although the hematite-altered wall-rock tuffs have Sc/FeO ratios and chondrite-
normalized REE patterns that are appropriate if they are to be the primary source of Fe
and Sc in the calcretes, they do not have the abundances of these elements that would
be appropriate if they were to be direct sources. Figure 27c shows that the hematite-
altered wall-rock tuffs have FeO and Sc concentrations no greater than some of the
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Fig. 27: (a) Scandium versus FeO for calcrete samples from Trench 14. The ash
sample represents coarse and fine fractions of LANL sample 48, which contains some
basaltic ash. Regression lines are fit separately to the vein and slope calcretes; both
regressions have regression coefficients >0.99 and essentially overlap, with intercepts
near zero. (b) Samples from Trench 14A superimposed on the previous figure. Note
that the slope and most vein calcrete samples fall close to the same regressions lines as
defined by the calcretes in Trench 14, with the exception of LANL sample 882, which
deviates to higher Sc/FeO and toward its closest wall-rock tuff (vitric Rainier Mesa
Tudf; see Fig. 4). (c) Wall-rock tuffs of Trench 14 superimposed on the calcrete data of
(a). Note that the closest fits to the calcrete Sc/FeO ratio are for the hematite-altered
Tiva Canyon Tuff. (d) Expansion of the scale of (a) to include samples from the B soil
horizon in Trench 14. Note the B-horizon size fraction corresponding to most of the
detrital material in the ooids and pellets of the calcretes (<425 pm) falls very close to
the Sc/FeO regression lines for the calcretes; one of the finer-sized fractions and par-
ticularly the clay fractions of the B soil horizons have higher Sc/FeQ ratios.

calcrete laminae that contain only 25% to 50% of detritus that could be derived from
these tuffs. If these wall-rock tuffs provide the bulk of the Fe and Sc to the calcretes,
then some process must have concentrated the mafic constituents of the wall-rock tuffs
prior to incorporation into the calcretes. Moreover, the effects of eolian contributions
to FeO and Sc are not included in this analysis. Further consideration of possible eo-
lian constituents can be found in the Discussion (section IV) of this paper.

Figure 27d adds data from the B soil horizons at Trench 14 to the plot of Sc and
FeO for Trench 14 calcretes. The coarser B-horizon soil fractions (<425 pum) have FeO
and Sc contents about 2X those of the most Fe-, Sc-enriched calcrete laminae, and the
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finer B-horizon soil fractions (<45 um) have FeO and Sc contents about 4X the highest
calcrete concentrations. As noted above in the section on smectite, it is this finer frac-
tion that should contain the largest proportion of eolian material. The lower B
subhorizon (2Bt)) is not as close to the calcretes in Sc/FeO ratio as is the upper B
subhorizon (Btk), and the clay separates from both subhorizons have significantly higher
Sc/FeOratios. Thus, although some constituents of the B soil horizons are appropriate
in both Sc+FeO and in Sc/FeO to be sources of Sc and Fe for the calcretes, there is
either variation in Sc/FeO of detrital sources or fractionation of Sc/FeO within the B
soil zone that leads to divergence of some of the <45 um material and all of the clay
fraction away from this characteristic composition.

4. Calcium-strontium. Strontium contents of calcites in the calcretes could not be
measured directly because pure calcite separates could not be obtained for INAA analy-
sis. However, as noted above in section II.E.1.a. on calcite and in Fig. 18, Sr contents of
the calcites can be estimated at ~800 to 2100 jig/g based on comparisons of Sr with Ca
data and with quantitative-XRD data for calcite abundances in the calcrete samples.
All other constituents within the calcretes have relatively low Ca contents, with the
exception of the ashed root samples (Fig. 28). The ashed root samples, with the excep-
tion of pifion, have a narrow range of Ca compositions. There is exceptionally high Sr
in two of the common plants presently found at Exile Hill (boxthorn and creosote
bush); both of the plants that are now absent at Exile Hill but were more common in
the past (pifion and juniper) have lower Sr contents in their root ashes and have Ca/Sr
ratios more similar to the calcretes.

5. Uranium, Uranium is associated with opal in the calcretes and in the B-horizon
soil samples (Fig. 29). The pure opal-A lamina from vein calcrete in Trench 14 (349,p1;
Appendix 5) contains 23 pug/g U and the pure opal-CT lamina from the slope calcrete

- asiore % (245,p2; Appendix 4) contains 18 pg/g U.

; %{’i’:m These contents of U in opal compare with

oL e imcscat the lower to middle portions of the 15 to

- 58 ug/g U range for opals in unsaturated
gmz — fractures at Yucca Mountain (Szabo and
Tr her., o os @ Kyser 1990). Aside from the separates of
*°°°E . . 5wl e pure opaline laminae, the laminae with
o™ & 0G0 0 use highest opal or U contents in the calcretes
P i o";;m e ) are typically those that are dense and com-

Fig. 28: Strontium versus CaO for monly sheared (Appendix Tables 4 and 5).
calcrete, root ash, and spring-deposit 6. Gold-arsenic. The Au and As data

samples. Note the very high Sr/CaO for thi ; Hocted b INAA.
some ashed root samples (boxthorn and in this report were collected by

creosote bush) from Exile Hill.
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Weiss et al. (1991) report Au contents de-
termined by graphite furnace—atomic ab-
sorption spectrometry and As determined
by inductively coupled plasma emission
spectrometry for large (2-10 kg) samples.
Their detection limits for Au (0.20 ng/g)
are lower than those obtained by INAA
(generally >0.8 ng/g); the detection lim-
its for As by INAA, however, are gener-
ally comparable (~0.2 ug/g). They are ca-
pable therefore of reporting measurable
Au contents for volcanic rocks with <1
ng/g Au that are below detection limits
in our data set (Appendix 2). In our data
set only one tuff sample, the opalized Tiva
Canyon Tuff from Trench 14 (921,pl in
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Fig. 29: Uranium versus opal content
of calcrete, B soil horizon, and wall-rock
tuff samples from Trench 14 and of calcrete
and wall-rock tuff samples from Trench
14A, showing general correlation between
U and opalization.

Appendix 2) has measurable Au (12.6 ng/g). However, Au was measurable by INAA
in most of the calcrete samples and can be compared directly with the data of Weiss et
al. (1991). They report a range of 0.5 to 7.3 ng/g Auand 4 to 12 ug/g As from Trench 14.
Our As and Au values for calcrete samples cover essentially the same range, although
the opaline laminae contain essentially no As and our Au values for most calcrete
samples are somewhat higher (2 to 12 ng/g). In Au content, two particular laminae
from the vein calcretes are outliers: the sepiolite-plus-calcite lamina (1,p13 in Appen-
dix 5: 15 ng/g Au) and the clay-rich, zeolite-rich lamina (922,p1 in Appendix 5: 29 ng/
g Au). The absence of such high Au values in the analyses by Weiss et al. (1991) may be
due to the fact that they analyzed large bulk samples rather than individual calcrete
laminae. Even the high-Au calcrete laminae, however, are overshadowed by the high
Au contents of most of the root ash materials with the exception of the juniper sample
and the outer part of the creosote-bush root (Fig. 30). The ash component of plants is
typically enriched in Au relative to the soils in which the plant grows, with higher Au
contents in the ultrastructure than in the roots (Boyle 1979). In this regard, most of the
plants that now exist at Trench 14 and one (pifion) that once existed there appear to
concentrate Au in their root ash components by moderate amounts (an average of
~8X).

Arsenic is sometimes useful as a pathfinder element in Au exploration. Figure 30
shows considerable As variation and an apparent lack of strong correlation with Au.
The ashed root materials that are strongly Au-enriched have little As. Any correlation
of Au with As is weak in the calcretes and nonexistent in the root ash materials.
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B. Comparative Chemistry: Spring Deposits

Although a smaller chemical database was collected from known spring and seep
deposits than from Exile Hill, the data that were obtained illustrate both similarities
and differences between these deposits and those at Exile Hill. The data in Appendix 7

provide the basis for this comparison.

1. Lanthanide elements (rare-earth elements). In conirast to the analyses from
Exile Hill, few of the spring deposits have REE contents that were measurable by INAA.
Those deposits that did provide sufficient measurable REE data to generate chondrite-
normalized plots are surficial: the opal-A algal mat from GMC Spring (751,p1; com-
pare Fig. 31 with the opal REE patterns in Fig. 23d); the Mg-calcite/dolomite root sample

from the seep in at Site 199 Crater Flat (251,p1); and the surface of the spring mound at

Nevares (760,p1). Plots of the REE patterns
for these samples are shown in Fig. 31,
using the same vertical scale as in Figs.
23-25. None of the vein-forming calcites
from known spring localities had suffi-
cient REE content to plot, and their mea-
surable La contents indicate that these
samples probably have general REE con-
tents that are <0.1 x chondrites. Included
in Fig. 31 are data for the dolomite
paleozoic sediment from drill core UE-25
p#l (Fig. 1a).

2. Zirconium. Only very small
amounts of Zr (~3 pug/g) were detected in
the calcite veins from Travertine Point.
Somewhat more Zr was detected in the
sedimentary dolomite sample from the
Roberts Mountain Formation beneath
Yucca Mountain (19 pg/g). All other
spring and seep samples, whether opaline
or carbonate, had no detectable Zr. These
low concentrations appear to be related
to the general absence of detritus in these
samples.

3. Iron-scandium. Because Sc and
FeO are so strongly correlated at Exile Hill
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and are apparently controlled by local detritus, only similar multisample suites from
other localities can provide adequate comparison of the controls on this ratio. Although
such a comparison cannot be made for the spring samples in this report, the data are
sufficient to show the very low Sc (<0.2 pg/g) and FeO (<0.1%) in these samples. As
with Zr, this low content of metals appears to be related to the lack of detritus.

4. Calcium-strontium. As noted above, the Sr contents of the calcites in calcretes
are estimated at ~800 to 2100 pg/g (Fig. 18). This calculated range of Sr contents is
broader than (but comparable to) the measured range of Sr contents in calcites of the
seeps, veins, and tufa mounds analyzed for this study (960 to 1694 ug/g; Appendix 7
and Fig. 28). However, the lower ends of both of these ranges are significantly higher
than the Sr contents of coarse-crystalline calcites found in fractures of the unsaturated
zone at Yucca Mountain (11 to 338 pg/g; Vaniman 1994). Thus the Ca/Sr ratios in
calcites of the calcretes at Exile Hill are more similar to those of distant spring materi-
als, 17 to 90 km away, than to those of calcites that line many unsaturated fractures that
are just tens to hundreds of meters beneath the surface at Yucca Mountain.

5. Uranium. As at Exile Hill, uranium is higher in opaline constituents than in the
calcareous materials in spring and seep deposits. The abundances of U in algal opal-A
of the active GMC Spring deposit and in the massive opal-CT of the inactive IMV
deposit are comparable to those of opaline laminae in Trench 14 at Exile Hill. In con-
trast to the Exile Hill samples, however, calcite was coarse enough to separate and
analyze in the spring and seep deposits. The U contents of these calcites are <0.8 ug/g
in the spring deposits and 2.85 pg/g in the root fossil from the Crater Flat seep.

6. Gold-arsenic. Figure 32 illustrates the same data from Exile Hill that are plotted
in Fig. 30 but adds the data from spring and seep deposits. This combination of both
data sets requires an expanded vertical axis to accommodate the high As contents of
the calcite veins from Travertine Point. None of the spring or seep samples have >1
ng/g Au except for the black calcite vein from Travertine Point; measurable gold was
also found in the dolomitic sediment of the Roberts Mountain Formation (6.7 ng/g).

IV. DISCUSSION

A. Provenance and Evolution of Detritus at Exile Hill

If a calcrete is pedogenic, the detritus within it may have been modified by surface
exposure and weathering. Nonpedogenic calcretes can also incorporate soil detritus,
but if they occur as veins formed from upwelling waters, then the veins should show
more evidence of interaction with their wall rock than with the overlying soil. This is
particularly the case for the vein calcretes in Trench 14, where proposals of deep origin
are based on a hypothesis of explosive injection and wall-rock brecciation by the vein-
forming fluids (Broad 1990; Archambeau and Price 1991). Chemical and mineralogic
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deposits, superimposed on the data from ~ ture of Bsoil horizons and the calcretes at
Exile Hill shown in Fig. 30. Note low Au  Trench 14. There is a slight enrichment of

and high As content of several calcite the heavy lanthanide elements (Yb, Lu) in
samples from spring deposits. the B horizons relative to the wall-rock

tuffs (Figs. 23a and 23b). Petrographic and XRD data indicate that this difference is
accounted for by an enrichment in the Bt horizons of heavy minerals (principally bi-
otite, amphibole, oxide minerals, and some clinopyroxene) that have relatively high
heavy-lanthanide abundances. This effect is most notable in the <45 pm and clay frac-
tions; indeed, the clays are notably Fe-rich (5% FeO, compared to <1% FeQ in the bulk
tuffs) and may be derived principally from the weathering of heavy mafic minerals.
Total concentrations of the heavy minerals are 4 to 6% in the <45 pm B soil horizons,
but these minerals are detectable only in trace amounts in the wall-rock tuffs. Disag-
gregation of the wall-rock tuffs in surface weathering, with subsequent deflation or
slopewash, may remove lighter minerals and leave the heavier minerals behind. How-
ever, a contributing factor in this process may be the addition of mafic eolian minerals.

2. Local versus eolian sources for heavy minerals. Both the Bt horizons and the
calcretes contain small amounts (<1%) of amphibole fragments with characteristic pleo-
chroism (o = light yellow-brown, 8 = brown, y = green). These amphiboles occur as
small grains, mostly <45 um in diameter (note that the concentration rises to 3% in the
<45 pm fraction of the upper B horizon, Btk; Appendix 3). Figure 33 compares the FeO
and MgO contents of these small amphibole grains with the published range of am-
phibole compositions that occur in the Tiva Canyon Tuff that is a local source of detri-
tus (Warren et al., 1989). There is some overlap, but the amphiboles in the Bt horizons
and calcretes include compositions more Fe-rich and Mg-poor. Many of these amphi-
bole fragments may be derived from distant sources and brought to Exile Hill by eo-
lian processes.

If detrital grains, particularly those of silt to clay size, are in part brought to the site
by eolian processes, then the mineralogic makeup of those sources may provide con-
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straints on the relative proportions of lo-
cal and distant contributions. Guthrie et
al. (1993) have analyzed eolian dusts from
four natural dust traps (under boulders
above soil horizons, or from fractures
within boulders above the soil) near Exile
Hill. They used the same XRD methods
as used in this report to determine the
quantitative mineralogy of the <425 pm
fractions of these eolian samples, and of
several size fractions from one of them
(Table 8).

In general, the mineral constituents of
these eolian deposits are similar to the cor-
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Fig. 33: MgO versus FeO in fine-
grained (<45 jum) amphibole fragments of
the B soil horizon and calcretes at Trench
14, compared with literature data for am-
phiboles from the Tiva Canyon Tuff (War-
ren et al. 1989).

responding <425 um and <45 pm fractions of the Btk and 2Btj horizons of Trench 14
(Appendix 3). Notable differences, however, are the rarity of tridymite and absence of
cristobalite, higher feldspar content, and lower clay content (particularly smectite) in

the eolian deposits. These differences may reflect the modifications that occur when

TABLE 8. Quantitative-XRD Determinations of Mineral Abundances in Eolian

Deposits near Exile Hill

<425 um

sample (LANL#): 1036 1037 1034 1033+ 1033 (<45 pm)**
quartz 18(1) 22)  222) 22 24(2)
tridymite 1(D) 1(1) 1D tr tr
cristobalite - - - - -
feldspar 47(7) 45(6) 48(7) 46 38(5)
amphibole 2(1) 2(1) 1(D) tr 3(1)
biotite’ 3(1) 2(1) 2(1) 1 31
chlorite 1(1) 1(1) 1(1) 1 2(1)
hematite 1(D) 1(1) 1(1) 1 1(1)
amorphous (glass)¥ 16(8) 15(7) 13(8) 16 16(7)
illite - - - - -
smectite 8(2) 7(2) 8(2) 7 10(3)
Kaolinite 1(1) 1(1) 1(1) 1 2(1)
calcite tr tr - - -
zeolites 3(D) 4(1) 3(1) 4 4(1)
gypsum tr - - - -

*composite of size-fraction data (425-180, 180-90, 90-45, 45-38, and <38 um)
*¥composite of size-fraction data (45-38, and <38 pm)

Treported as “mica”
iincluding some opal-A (silica phytoliths)
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local detritus is mixed with the eolian materials. Most important to this discussion,
however, is the high content of Fe-rich heavy minerals in the eolian samples (amphib-
ole, biotite, chlorite, and hematite total 3-7% in the <425 pm material and 9% in the
<45 um material).

Of the Fe-rich minerals common to
the hematite-altered wall-rock Tiva Can-
yon Tuff, Bt soil horizons, and vein
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Hematites of the B horizon and calcrete = Canyon Tuff. These differences indicate
are more Al-rich and Mn-poor than those  that hematites of the altered wall-rock tuff

of the tuff. and the vein calcretes did not form to-

gether from a uniform alteration event, and also indicate that there is a common source
for hematite detritus in both the Bt soil horizons and the calcretes. Although the data
do not prove that the Bt horizon and calcrete hematites are brought in by eolian pro-
cesses, the foreign compositions of many amphiboles (Fig. 33) and hematites (Fig. 34)
in the Bt horizons and calcretes suggest a large component of eolian input. Further
studies of eolian deposits would be required to test this hypothesis.

3. Sc/FeO ratios: Sizes and sources of detritus. Another effect of heavy-mineral
enrichment is seen in the Fe and Sc data (Fig. 27). The Sc/FeO ratio of both the calcretes
and the overlying bulk (<425 um) Bt horizons is the same as that of the hematite-
altered wall rock tuffs (Figs. 27c and 27d). Slightly higher Sc/FeO ratios are seen in the
<45 um fraction of the 2Btj horizon, and the clay fractions of the B soil horizons have
significantly higher Sc/FeO (Fig. 27d). Because the principal nondetrital constituents
of the calcretes (calcite and opal) contain essentially no Fe or Sc, the strong Sc/FeO
fingerprint of the calcretes can be used to help discern the various sources of detritus.
The B-horizon clay fraction, much of which may be illite/smectite derived from dis-
tant eolian sources, cannot be a major contributor to the calcretes, because the clay Sc/
FeO ratio is too high. This conclusion is supported by the low clay abundances (other
than sepiolite) of the calcretes in Trench 14 (<10%). The silt-sized fraction of the B hori-
zons can have slightly higher Sc/FeO than found in the calcretes, but this deviation is
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slight. Even though the fine-grained amphiboles and hematites in the B horizons are
from distant sources, their Sc/FeO ratios are apparently close enough to those of the
local tuffs that there is little or no deviation in the net Sc/FeO ratio.

The most abundant detrital component of the calcretes, however, is the <425 pm
fraction that provides almost all of the detrital nuclei for the very common calcrete
ooids (detrital nuclei for the ooids average 163+154 pm; only 5% are <45 pm). For this
size fraction, in the B horizons, Sc/FeO ratios align very well with those of the calcretes
and with the hematite-altered wall-rock tuffs (Figs. 27c and 27d). In this size range,
detritus can be moved as drifting sand but is unlikely to be carried as an aerosol sus-
pension from distant sources (Junge 1979). The Sc/FeO ratios of detritus in Trench 14
thus link the local wall-rock tuff, the sand-sized fraction of the B soil horizons, and the
ooidal nuclei in the calcretes. Silt- and clay-sized material in the B soil horizons, how-
ever, may be partly to largely eolian in origin.

4. Scandium and iron abundances. Scandium and iron abundances are linked to
B-horizon soils rather than to wall-rock tuff breccias in Trench 14. Figure 35 uses the
combined INAA data for Sc abundance and the quantitative-XRD measure of total
detritus to assess the extent to which wall-rock detritus may be directly mixed with the
calcretes. Because of the heavy-mineral enrichments in the B soil horizons, whether
from weathering or eolian additions, the Sc/detritus ratios are distinctly higher in
these sources than in the wall-rock tuffs. Because of this variation in Sc/detritus, there
is a family of mixing curves between the purely authigenic calcrete constituents (cal-
cite-opal, + sepiolite) without detritus and with very low Sc contents (<0.4 pg/g) and
the various sources of detritus. The sources of detritus range from the high-Sc clays
and silts (<45 um fraction) of the B soil horizons, to the moderately Sc-rich sands (<425
um fraction) of the B soil horizons, to the low-Sc wall-rock tuffs. The predominant
pattern of Sc/detritus mixing in the calcretes is linked to the constituents of the B soil
horizons. A small group of three slope-calcrete samples appears to have a larger com-
ponent of intermixed wall-rock tuff materials, as does vein-calcrete sample 922,pl.
However, all of these samples have higher clay contents (5-10%) than any of the other
Trench-14 calcretes (<3%). This additional clay may be a smectite different from that of
the B soil horizons with lower FeO and Sc contents. The data from Trench 14A indicate
that another form of smectite is locally abundant in the vein calcretes.

5. Differences between trenches 14 and 14A. The vein calcretes of Trench 14A
occupy a much narrower fault zone than those of Trench 14 (compare Figs. 2b and 3a
with Fig. 4). The fabric of laminae in the vein calcretes of Trench 14A is also simpler,
with predominantly vertical orientation and very few cross-cutting laminae. More-
ovet, the vein calcretes at Trench 14A do not grade into the slope calcretes but rather
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Fig. 35: (a) Scandium (by INAA) versus detritus (by XRD) for Trench 14 calcretes,
B soil horizon samples, and wall-rock tuffs. Expanded scale (b) concentrates on the
calcrete samples.

are capped unconformably by the slope calcrete. These structural features suggest a
more restricted history of vein-calcrete formation at Trench 14A.

In addition to the structural differences, the vein calcretes at Trench 14A have gained
much of their detritus from local tuffs rather than from weathered or eolian detritus.
This is evident in part from the Sc/FeO ratios of the vein calcretes, which match the
vitric Rainier Mesa Tuff at the west end of the fault but are more similar to the calcretes
of Trench 14 at the eastern end of the fault, near the Tiva Canyon Tuff (Fig. 27b). Figure
36 uses the same axes as Fig. 35 to examine Sc/detritus ratios at Trench 14A. Here there
is apparently strong support for derivation of much of the detritus in the vein calcretes
from the wall-rock tuffs; only the slope calcrete that lies unconformably above the vein
is similar to the Trench 14 calcretes. However, this interpretation is complicated by the
very clay-rich compositions of the vein calcretes at Trench 14A (9 to 34% smectite).
Because the clay-rich calcretes at Trench 14A are Sc-and Fe-poor, this smectite must be
very different from the Fe-rich smectite of the B soil horizons at Trench 14. Clearly the
chemistry of smectites at Exile Hill is variable and may reflect a number of alteration
processes plus, in at least the B soil horizons, some component of eolian input. Never-
theless, much of the detritus in the simple vein calcretes at Trench 14A appears to
come directly from the adjacent wall-rock tuffs, whereas the structurally complex vein
calcretes at Trench 14 show little evidence of such direct wall-rock interaction. The
multiple episodes of fracturing and refracturing in the complex vein calcretes at Trench
14 provide a gradation into the slope calcretes and ultimately link the vein calcretes to
the B soil horizons. It is these fractures that have provided the predominant pathways
for introducing detritus into the calcretes at Trench 14. Without this extensive fractur-
ing, the introduction of authigenic calcite, opal, and sepiolite is also curtailed and only
minimal vein calcretes are developed in Trench 14A.
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B. Sources and Rates of Authigenic Mineralization

1. Sources of authigenic constituents. There is a considerable body of evidence
that the calcite in many desert soils is derived from Ca dissolved in rainwater, or car-
ried as eolian dust, and atmospheric or root-respired CO, (Machette 1985; Quade et al.
1989; Reheis et al. 1992). Opal may be attributed to the dissolution of unstable volcanic
glass, where both local and eolian sources are available (Chadwick et al. 1989). At
Trench 14 there is a source of nonwelded vitric tuff in the western wall of the fault, but
another silica source may be found in the welded crystalline tuffs that are widely dis-
tributed at Yucca Mountain. The quantitative-XRD mineralogic data in Appendices 3
(B-horizon soil samples), and 4-5 (calcretes) indicate that although weathering of vitric
tuff along the western side of the fault may provide some of the silica deposited as
opal in these particular calcretes, some silica may also be acquired by dissolution of
tridymite and cristobalite. The B soil horizons have weight ratios of

(tridymite+cristobalite) /quartz of ~0.3 in the <425 um fractions and <0.1 in the <45 um
fractions (Appendix 3). In the siliceous

Trench 14A calcretes, this ratio is essentially zero (Ap-
pendices 4 and 5). This loss of the least-
stable silica polymorphs occurs along
with the dilution of all detrital silica and
the increase of authigenic opal-A. Disso-
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Fig. 36: Scandium (by INAA) versus detritus (by XRD) for Trench 14A calcretes
and wall-rock tuffs. The axes in this figure span the same range as the axes in Fig. 35a.
The two lower regression lines (Sc=0.0145+detritus and Sc=0.0283+detritus) are the same
as the two lowest lines in Figs. 35a and 35b; the highest regression line (Sc=0.034*detritus)
extends toward the Rainier Mesa Tuff. Only the slope calcrete at Trench 14A has the
higher Sc/detritus ratio similar to the Trench 14 calcretes (Fig. 35a). The vein calcretes,
unlike those at Trench 14, have Sc/detritus ratios which, when considered with their
Sc/FeO ratios (Fig. 27b), indicate direct incorporation of detritus from the closest wall-
rock tuffs. The differences between Trench 14 and Trench 14A show that fault develop-
ment and structure on a very local scale can have profound effects on the type of detri-
tus incorporated by vein calcretes. Where the vein calcretes are most extensively devel-
oped, as at Trench 14 (Figs. 2b and 3a), surface rupturing and fracture connections with
upper soil horizons provide the dominant pathway for both detritus and fluid penetra-
tion to deposit calcite, opal, and sepiolite. Where an unconformity separates the vein
and slope calcretes, as at Trench 14A (Fig. 4), the vein calcretes are minimally devel-
oped and lack direct connections to the active soil surface.



2. Rates of authigenic accumulation. It has been suggested that there is too much
calcite and opal in the calcretes at Trench 14 to be accounted for by gradual pedogenic
accumulation (Archambeau and Price 1991). This is not the case. The greatest accumu-
lations of calcite and opal occur within the vein calcretes. The vein calcrete at Trench 14
forms a wedge, 2.25 m wide near the surface, that pinches down to a few centimeters’
width at 4.75 m depth (Fig. 2a). Six-tenths of the material in this wedge is laminated
calcrete; the remainder consists of blocks of altered Tiva wall-rock tuff. The average
bulk density of the calcretes is 1.6 g/cm? (Table 2). The average calcite weight fraction
of the calcretes is 53%, leading to an estimated calcite abundance of 1.2x106 g per m? of
overlying surface above this wedge of vein calcrete. Estimates of eolian carbonate ac-
cumulation rates for soils on noncalcareous parent materials in the southwestern United
States range from 0.3 to 5 g/m2/yr (Machette 1985; Reheis et al. 1992). At these rates,
the amount of calcite within the excavated veins at Trench 14 could accumulate over a
time span between 4,000,000 and 240,000 years (1/3 to 1/50 of the age of the wall-rock
tuffs). Carbon and oxygen isotopic data indicate that most of the calcite in Trench 14
was deposited during colder and wetter Pleistocene climates (Quade and Cerling 1990).
The timespans estimated here could allow pedogenic accumulation of all Trench 14
calcite within the 1.6 million years of the Pleistocene Epoch.

Because the calcretes of Trench 14 are siliceous, it is possible to compare the rates
of silica and calcite accumulation. Within the same calcrete wedge described above,
the average opal weight fraction is 36%, leading to an estimated opal abundance of
0.8x10° g/m?. The solubility of SiO, in arid soils containing abundant siliceous glass
may exceed 0.07 g/L (Chadwick et al. 1989). However, waters in local higher-elevation
soils at Rainier Mesa, Nevada, have SiO, contents of 0.02-0.04 g/L (Kerrisk 1987). For
the SiO, concentration range of 0.07-0.02 g/L, 1.1 to 4.0x106 cm/cm? of rain water can
form enough soil water to deposit the opal within the calcrete wedge. Current rainfall
at the elevation of Trench 14 is ~15 cm/yr (Spaulding 1983). At this precipitation rate,
sufficient rainwater to form the opal in the vein calcrete could infiltrate, dissolve local
silicates, and evaporate within 70,000 to 270,000 years. The longer time estimate may
be more appropriate, since the wetter and cooler climates that prevailed during calcrete
formation (Quade and Cerling 1990) may have resulted in deposition from relatively
silica-poor soil waters like those of Rainier Mesa. A 30-100% increase in rainfall dur-
ing the Pleistocene (Spaulding et al. 1984) could shorten the longer estimate to as little
as 135,000 years. These estimated time spans for opal accumulation could be low if
quantities of silica in solution have been lost through runoff and by flow into deeper
fractures. Nevertheless, the independent estimates for rates of eolian accumulation (of
Ca for calcite) and of in situ dissolution (of SiO, for opal) fall within time spans that are
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typical of pedogenic processes. Nonpedogenic sources are not required to account for
the observed volume of calcrete.

C. Comparisons with Known Spring Features

Portions of this study provide some comparative data from known active or inac-
tive spring and seep localities. Inferences of origin from analogy or degree of similar-
ity provide only a secondary method for testing assumptions based on more direct
evidence of chemical or physical processes operating within a particular deposit. Nev-
ertheless, there are some features that do provide a guide in the identification of cal-
cite-silica deposits of various origins.

The intimate intergrowth of calcite and opal in the calcretes of Exile Hill is atypical
of spring deposits. Cool and warm springs, from deep or perched sources, have higher
water flow and can maintain stable pH regimes that precipitate either calcite or silica
but rarely both (White et al. 1956; Chafetz and Folk 1984; Viles and Goudie 1990). In
contrast, evaporative processes within arid soils formed of siliceous detritus can cause
a rise in pH from only slightly alkaline to >9 (Chadwick et al. 1989; Boettinger and
Southard 1990), passing from regimes of calcite dissolution and silica precipitation
into those of calcite precipitation and silica dissolution (Watts 1980). Numerous wet-
ting and drying cycles can thus lead to repeated pH-driven dissolution-precipitation
cycles that can account for the complex calcite and opal intergrowths seen in the calcretes
of Trench 14. The closest analogous spring deposits are surface discharges that may
deposit both calcite and silica, as at GMC and IMV springs. In these deposits, however,
the opal and calcite are largely segregated or easily separable and not as intimately
intergrown as in the calcretes of Exile Hill. The spring deposits analyzed for this study
have a greater bulk density than the calcretes at Exile Hill (Tables 2 and 3). This is
particularly true for the vein deposits at known spring localities. However, the more
porous tufa mounds, as at Nevares, can develop low-density deposits that have densi-
ties low enough to approach those of the most dense of the vein deposits at Exile Hill.
Other physical and chemical features provide more definitive distinctions between
the calcite-silica deposits of spring or soil-process origins.

Many of the same authigenic minerals (calcite, opal, and sepiolite) that occur in
the calcretes can also be found in known spring or seep deposits. However, there are
certain key differences in the deposits that form in these two different environments.
Veins of pure calcite are common at spring localities but do not occur in the calcretes.
Individual calcite crystals of >1 cm are common in travertine veins at springs but are
not found in any of the calcretes, including the vein calcretes. Where comparable fine-
grained calcite does occur in travertine mounds at springs, it is still very common to
obtain deposits of relatively pure calcite with characteristic bacterial clumps and os-
tracod fossils. Fossil casts from the stems of phreatophyte plants, connected by meniscal
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septae, provide readily visible field evidence of spring activity. None of these features
are found in the calcretes at Trench 14.

Although mineral-chemical data provide further evidence of some distinctions
between spring deposits and calcretes (Table 4, Fig. 22), it is important not to rely solely
on such comparisons. For example, the commonly higher MgO content of many spring-
and seep-deposited calcites is useful in comparing the particular calcretes at Exile Hill
with spring deposits of the region, but calcretes of pedogenic origin with other eolian
sources could have carbonate components of more Mg-rich composition. On the other
hand, apparent similarities such as the comparable calculated or measured Sr contents
of calcite in the calcretes and spring deposits (Fig. 28) cannot be used to imply a com-
mon origin unless considered separately from all of the other data, both petrographic
and chemical, that differentiate between these two types of calcite deposits. This would
be a narrow assessment and a misuse of the available data. Taken together, the com-
parative data for local spring deposits illustrate many dissimilarities between the re-
gional spring or seep deposits and the calcretes at Exile Hill.

D. Constraints on Origin Based on Pedogenic Fossils

Springs and evaporative seeps retain biogenic evidence of their past higher water
content, including ostracod fossils, casts of phreatophyte plants, and algal or diatoma-
ceous deposits of opal-A. Pedogenic calcretes have a different set of fossils. Calcified
filaments (Fig. 6b) are typically pedogenic. Superficially similar calcareous filaments
occur as algal products in active springs, but these delicate filaments are not preserved
in accumulated inactive spring deposits, whereas bacterial “shrub” structures com-
monly are (Chafetz and Folk 1984; Viles and Goudie 1990). In contrast, the calcified
filaments in the Trench 14 calcretes are found in the oldest as well as the youngest
laminae. Moreover, algal filaments in springs are not restricted to associations with
fossil roots, as are the calcified filaments of the Trench 14 calcretes. Needle-fiber cal-
cites (Fig. 6¢) are unlikely to form and less likely to be preserved in areas of spring
discharge.

These delicate fossils within root casts provide two important constraints on the
origins of the siliceous calcretes. First, the fragile fossil forms are preserved even within
the earliest-formed calcrete laminae (Fig. 2c); such preservation would be unlikely if
the calcretes were emplaced by successive forceful fluid injections with catastrophic
brecciation. Indeed, the pervasive distribution of root fossils suggests that root pen-
etration plays a distinctly noncatastrophic but nevertheless forceful role (Klappa 1980)
in the brecciation of these calcretes. The dense, sheared laminae (Figs. 2c, 2d, and 3b)
are pervaded by root-fossil remnants and may represent collapsed zones where coarser
roots were once concentrated. Second, similar needle-fiber calcites and calcified fila-
ments within fossil roots are characteristic of pedogenic calcretes (Klappa 1979; Phillips
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and Self 1987; Wright 1986 and 1989). In evaporative seeps and in calcareous tufa
mounds around springs, the fossilization of vascular plants typically leaves casts of
the plant form without preserving such fine features of root decay (Fig. 14). The high
water flux in seeps and springs flushes out the products of decay, leaving only the
plant casts behind. Calcified filaments, needle-fiber calcites, and other delicate fungal
fossils within root forms thus provide an important guide to pedogenic calcretes, par-
ticularly where they occur beneath a genetically related B horizon. Intermittently satu-
rated desert soils without pedogenic horizonation might retain delicate fungal fossils
(Mack and James 1992), but the retention of such features is unlikely in zones of force-
ful spring discharge.

V. CONCLUSIONS

The accumulated petrographic, mineralogic, and chemical data from siliceous
calcretes at Exile Hill indicate that pedogenic processes alone account for the forma-
tion of these soil features. Surface tufa mounds at spring discharge areas can have
some similarities to calcite-silica deposits that are pedogenic in origin and evolution,
but they contain particular features (bacterial clumps, ostracod fossils, fossilized casts
of phreatophyte plants, and readily separable calcite) that are distinctive. In determin-
ing the origin of a particular calcrete, it is best to consider the broader field evidence
first. Features such as tufa dams and rimstone pools would be definitive evidence of
deposition from surface discharge and flow. The absence of such features should lead
to a closer search for indications of pedogenic origin. Detection of calcified filaments,
needle-fiber calcites, and related fungal microfossils throughout a calcrete—and spe-
cifically in calcrete that formed beneath a related B soil horizon—can confirm a pe-
dogenic origin. Site-specific studies of mineralogy and chemical evolution requiring
the derivation of detritus from overlying soil horizons (Figs. 27, 34-35), with isotopic
evidence for calcite precipitation from soil waters (Quade and Cerling 1990; Stuckless
et al. 1991), should remove any lingering uncertainty.
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Explanatory Notes to Appendix Tables

The Appendix tables 1 through 7 compile the available chemical and
quantitative mineralogic data for 65 samples. Chemical data for all samples were
collected by INAA. For selected samples, additional data were collected by XRF, AA,
LOI (for volatiles), and/or ion chromatography (IC). Total iron is reported as FeO for
all analyses. All Appendix tables except 6 include quantitative XRD analyses of
mineralogy; in Appendix 5 some mineral abundances are calculated based on
combined XRD and chemical constraints (XRD/chem) and in Appendix 6 the XRD
mineralogic data are semi-quantitative. For all chemical data, the uncertainties in
analytical precision are listed in parentheses after each entry; these uncertainties are
* one-standard-deviation values in the corresponding decimal placeholders of the
last significant figures. For quantitative mineralogic data, the same listing of
uncertainties is used, but here the uncertainties are + two standard deviations.

Where quantitative numbers with uncertainties are not listed, the entries may
indicate semiquantitaive mineral abundances (major, minor, and trace, with
question marks indicating probable but not definite identification, in Appendix 6), a
maximum possible concentration (<n), or no detection (-). In addition, an entry
indicating not applicable (n/a) is used if an analysis was not made for that chemical
constituent by that particular method, or if data were obtained but the sample
collection and preparation methods used provide a possibility of chemical
contamination for that constituent.

Several INAA analyses were obtained in duplicate, and the INAA entries for
these samples represent the averages of the two analyses:

Appendix 1: 880,p1; 883,p1; 879,p1; 882,p1; 901,p1
Appendix 3: 429,p3; 430,p3

Appendix 4: 920,p1

Appendix 5: 1,p25; 7,p1; 47,p1; 773,p1; 922,p1
Appendix 6: all samples

Appendix 7: 601,p1; 753,p1; 755,p1; 760,pl

Appendix 8 lists the duplicate analyses from which these averages were
obtained.
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Appendix 1: Quantitative Chemical (INAA) and Mineralogic (XRD) Data for Wall-Rock Tuffs and

Calcretes from Trench 144, Exile Hill

sample: 431,p1 880,p1 883,p1 879,p1 882,p1* 901,p1
tuff or vitric vitric bulk bulk bulk thin
calcrete Rainier nonwelded slope vein vein vein
type: Mesa tuff calcrete calcrete calcrete calcrete
Chemistry (§i0,-P,05 by XRF; **K,0 by AA; volatiles by LOIL listings below volatiles by INAA
5i0, % 74.2(7) n/a n/a n/a n/a n/a
TiO, % 0.107(3) n/a n/a n/a n/a n/a
AL,O; % 12.3(3) n/a n/a n/a n/a n/a
FeO % 0.62(2) n/a n/a n/a n/a n/a
MnO % 0.057(1) n/a n/a n/a n/a n/a
MgO g, 0.38(1) nfa n/a n/a nfa n/a
P,0; 0.009(1) n/a n/a n/a n/a n/a
*K0 % 5.01(13) n/a n/a n/a n/a n/a
volatiles % 3.4(3) n/a n/a n/a n/a n/a
Na,0 % 3.10(4) 2.69(3) 0.723(7) 0.948(10) 1.509(17) 0.929(9)
K0 % n/a 4.2(7) 1.3(2) 1.1(2) 2.1(3) <0.4
CaO % 0.5(2) 1.8(2) 25.4(4) 23.5(5) 17.3(4) 27.7(5)
FeO % 0.581(8) 0.937(10) 0.671(7) 0.779(8) 0.405(5) 0.0310(5)
Scpglg 3.40(5) 1.928(19) 1.594(17) 1.87(2) 1.884(20) 0.1200(12)
Crpgl/g n/a 1.1(2) 5.0(2) 2.8(4) 1.30(19) 0.47(8)
Couglg 0.216(9) 0.454(15) 1.659(19) 2.03(3) 1.025(18) 0.551(7)
Nipg/g <25 <11 <20 <20 <20 8.7(1.6)
Znpg/g 44(9) - - - - 2.6(2)
Aspg/g 5.4(2) 4.2(3) 6.9(2) 8.65(19) 7.5(2) 12.7(2)
Seng/g <0.4 <0.3 <0.4 <03 <0.3 0.25(6)
Brpg/g 0.96(10) 1.27(17) 13.6(1.1) 7.8(7) 7.7(6) 32(3)
Rbug/g 230(5) 147(2) 45.7(1.1) 33.9(1.1) 91.6(1.6) 4.8(3)
Srugl/g 20(9) 267(14) 577(14) 791(17) 625(16) 1045(12)
? p.g?g 90(10) 189(13) 57(8) 91(9) 41(9) <6
nfa - - - - -
Sgﬁlg/ g 0.512(15) 0.40(2) 0.689(16) 0.281(15) 0.449(16) 0.157(7)
Csug/g 6.02(9) 4.06(5) 1.81(2) 2.04(3) 2.96(4) 0.296(6)
Bapg/g 26(8) 153(10) 172(7) 209(9) 70(7) 25(3)
Lapg/g 20.3(3) 34.3(4) 11.56(12) 19.20(20) 10.68(12) 1.122(18)
Cepg/ 48.3(7) 80.7(8) 22.1(2) 39.0(4) 23.6(3) 2.15(6)
Ndpg/g 15.2(1.3) 36(3) 8.5(1.1) 15.3(1.9) 9.2(1.5) 1.2(5)
Smpg/g 4,24(6) 8.92(9) 1.689(20) 3.02(4) 2.25(2) 0.203(8)
Eupg/g 0.108(4) 0.569(14) 0.208(7) 0.345(9) 0.126(6) 0.0150(13)
Tbpg/g 0.724(17) 1.26(3) 0.217(10) 0.391(13) 0.389(13) 0.033(3)
Ybug/g 3.05(4) 3.54(4) 0.786(15) 1.30(2) 1.64(2) 0.158(8)
Lupg/g 0.438(7) 0.480(9) 0.120(3) 0.187(5) 0.241(5) 0.0261(16)
Hfpg/g 3.40(5) 6.90(11) 1.94(3) 3.05(5) 1.79(4) 0.118(9)
Tapg/g 2.20(5) 1.63(5) 0.392(16) 0.67(3) 1.06(4) 0.056(3)
Wpg/ 1.9(2) 1.1(5) 1.6(3) 0.9(2) 1.4(3) 1.49(19)
Aung/g <1.5 3.5(2.6) 5.2(1.4) 7.5(1.8 8.7(2.0) 7.4(1.2)
Thpg/g 20.7(3) 21.0(2) 5.68(6) 10.26(10) 9.52(10) 0.590(9)
Uuglg 6.86(15) 5.55(15) 7.00(12) 2.48(7) 6.23(13) 2.24(5)
XRD
* 7(1) 1(1) 1(1) tr 4(1) tr
cristobalite - tr - - - -
feldspar 9(1) 13(2) 6(1) 10(1) 10(1) -
biotite - - tr tr tr -
amphibole - tr ir - - -
glass 82(2) 74(3) - - 30(4)* -
clinoptilolite - 5(1) 1(1) 9(1) - -
calcite - 3(1) 50(3) 48(2) 37(2) 52(3)
opal-A - - 41(1) 3(9) 10(4)* 14(10)
illite 2(1) - - - - -
smectite tr 4(1) 1(1) 30(9) 9(3) 34(10)

*In sample 882,p1, total of 40% amorphous material is apportioned among glass and opal-A using the calcite/opal-A ratio as

measured in nearby vein 901,p1.

56



Appendix 2: Quantitative Chemical (XRF, AA, LOI, INAA) and Mineralogic (XRD) Data for
Wall-Rock Tuffs Exposed in Trench 14, Exile Hill

sample: 428, pl 428,p2 3,pl 4,p1 6,pl 921,p1 427,01
tuff Tiva slightl hematite hematite opal vitric
type: Tiva papor-phase altered T}z!va altered Tiva altered Tiva  altered Tiva tuff
Chemistry (SiO, - P,0; by XRF; *K,0 by AA; volatiles by LOL others by INAA)
5i0, % 75.3(8) 74.9(7) 75.9(8) 74.15(7) 78.14(8) n/a 72.2(7)
TiO, % 0.147(4) 0.151(4) 0.207(5) 0.267(7) 0.227(6) n/a 0.184(5)
Al,O0;% 12.7(3) 12.8(3) 12.2(3) 11.1(3) 10.4(3) n/a 12.9(3)
FeO % 0.92(3) 0.616(17) 0.87(2) 1.14(3) 1.08(3) n/a 1.03(3)
MnO % 0.099(3) 0.094(3) 0.105(3) 0.092(2) 0.083(2) n/a 0.097(3)
MgO ¢, 0.23(1) 0.33(1) 0.28(1) 0.40(1) 0.46(1) n/a 0.34(1)
P,Os 0.007(1) 0.003(1) 0.022(2) 0.021(2) 0.016(2) n/a 0.026(3)
*K,0 % 4.9(1) 4.92(12) 4.6(1) 4.1(1) 4.01) n/a 5.08(13)
volatiles % 1.19(12) 1.75(17) 1.38(14) 3.9(4) 1.72(17) n/a 4.3(4)
Na,0 % 3.87(5) 3.61(5) 3.75(5) 3.49(5) 3.26(5) 3.62(4) 2.92(4)
K,0% n/a n/a n/a n/a n/a 4.2(6) n/a
Ca0 % - <0.5 <0.8 0.9(3) 0.6(2) 0.24(11) <0.5
FeO % 0.871(12) 0.812(11) 0.976(14) 1.177(17) 1.020(14) 0.797(8) 0.883(12)
Sc pg/ g 1.45(2) 1.65(2) 1.94(3) 2.83(4) 2.34(3) 1.408(14) 1.94(3)
Crpg/ n/a n/a n/a n/a n/a <3 n/a
Copgl/g 0.173(9) 0.178(4) 0.373(9) 0.635(11) 0.492(9) 0.221(9) 1.89(3)
Nipg/ - <20 <25 <15 <20 <20 <20
nyglg 73(15) 74(15) 86(18) 68(14) 61(12) 63.7(1.0) 74(15)
pg/ g 11.4(3) 7.7(3) 8.1(3) 3.7(3) 3.3(3) 8.8(3) 4.9(3)
<0.4 <0.3 <0.5 <0.3 <0.3 <04 <0.2
Br pg/ 0.37(10) 0.24(10) 0.25(11) 0.30(12) <0.3 0.398(14) 0.92(12)
Rbug/g 188(6) 189(4) 149(5) 106(4) 103(3) 185(2) 183(5)
Sr pg/ g 37(8) 31(5) 39(9) 52(9) 43(9) 29(7) 134(12)
Zr pg/ 208(10) 256(7) 266(13) 336(12) 298(10) 178(9) 208(8)
Agpgg n/a n/a n/a n/a n/a - n/a
pg g 0.28(2) 0.291(12) 0.203(15) 0.217(14) 0.213(13) 0.398(14) 0.491(16)
/ 3.30(5) 3.33(5) 2.68(4) 2.03(3) 2.00(3) 3.18(4) 4.87(7)
Ba ug/% 64(8) 38(6) 134(8) 329(11) 250(9) 42(4) 166(8)
La pg g 29.5(4) 23.3(3) 39.7(6) 73.5(1.0) 67.6(1.0) 29.2(3) 38.2(5)
Ce pg/ 54.2(8) 71.2(1) 95.2(1.3) 150(2) 135(2) 61.2(6) 88.1(1.2)
Ndpg/g 25(2) 24.7(1.6) 34(3) 52(4) 50(3) 23.0(1.7) 34(2)
Sm p.g/ g 6.00(9) 7.26(10) 7.91(11) 8.29(12) 8.35(12) 6.00(6) 8.28(12)
Eu pg/ g 0.272(7) 0.323(6) 0.555(12) 1.15(2) 1.010(17) 0.265(7) 0.480(9)
Tb p.g/ g 0.95(2) 1.21(2) 1.11(2) 0.829(14) 0.889(15) 0.88(2) 1.14(2)
ug/ g 3.27(5) 3.63(5) 3.11(5) 2.37(4) 2.41(4) 2.95(3) 3.66(5)
Lu pg/ g 0.471(10) 0.515(11) 0.444(10) 0.361(9) 0.350(8) 0.420(6) 0.513(11)
Hf pg/ 7.56(13) 8.77(12) 7.93(13) 8.07(13) 7.46(12) 7.18(10) 6.87(11)
Tapg/g 1.64(5) 1.73(3) 1.34(3) 0.948(16) 0.923(16) 1.53(4) 1.74(5)
w pg/ 2.1(3) <2 1.7(8) <2 <2 1.6(4) 1.7(3)
Aung g <2 <2 <2 <2 <5 12.6(1.8) <3
ug/ g 24.3(3) 24.5(3) 20.2(3) 15.4(2) 15.0(2) 23.8(2) 24.3(3)
p.g/ g 4.57(14) 3.95(12) 5.00(14) 5.97(17) 5.36(15) 4.91(11) 5.12(14)
XRD
quartz 3(1) 13(1) 11(1) tr 2(1) 3(1) 2(1)
ite 7(1) 13(1) 18(2) 31(3) 41(4) 10(1) -
cristobalite 22(2) 9(4) 10(1) 8(4) 7(4) 18(2) 2(1)
feldspar 63(10) 59(11) 54(11) 59(16) 50(16) 51(7) 9(1)
amp ole - - tr tr - -
biotite - - - - - tr -
hematite - tr 1(1) 1(1) 1(1) tr -
glass - - - - - - 85(2)
opal-A - - - - - 11(8) -
opal-CT - - tr tr tr - -
illite - 1(1) - - - -
smectite 4(1) 4(1) 1(1) 1(1) - 7(2) -
sepiolite - - <<5 - -
clinoptilolite - - - - - - 2(1)
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Appendix 3: Quantitative Chemical (INAA) and Mineralogic (XRD) Data for B-Horizon Soil Samples

from Trench 14, Exile Hill
sample: 429,p1 429,p2 429,03 430,p1 430,p2 430,p3
soil Btk Btk Btk 7Bt 2Bt 2Bt]
constituent horizon, horizon, horizon, horizon, horizon, horizon,
and size; <425 um <45 pm clay <425 um <45 um clay
Chemistry (SiO; - P,05 by XRF; *K,0 by AA; volatiles by LOI; others by INAA)
Si0, % 66.1(7) n/a n/a 66.4(7) n/a nfa
TiO, % 0.525(13) n/a n/a 0.479(12) n/a n/a
Al,O; % 14.6(4) n/a n/a 15.0(4) n/a n/a
FeO % 2.80(8) n/a n/a 3.02(8) n/a n/a
MnO % 0.088(2) n/a n/a 0.065(2) n/a n/a
MgO g, 1.33(3) n/a n/a 1.21(3) n/a n/a
P,0; 0.052(5) n/a nf/a 0.045(5) n/a n/a
*K,0 % 3.90(10) n/a n/a 3.48(9) n/a n/a
volatiles % 4.9(5) n/a n/a 5.8(6) n/a n/a
Na,0 % 2.92(4) 2.23(3) 0.169(3) 2.36(3) 1.45(2) 0.077(2)
XK0% n/a n/a 3.9(5) n/a n/a 2.3(3)
Ca0O % 2.0(2) 2.4(3) 2.2(2) 1.75(19) 1.6(2) 2.7(2)
FeO % 2.67(4) 4.82(7) 5.14(5 2.87(4) 4.47(6) 5.10(5)
Sc p.g/ g 6.26(9) 11.63(16) 13.66(14) 7.02(10) 11.47(16) 13.93(14)
Cr pg/ 23.5(4) 58.3(9) 47.6(7 26.1(4) 48.4(8) 45.1(7)
Counglg 5.72(8) 10.04(14) n/a 6.49(9) 9.28(13) n/a
Ni pg/ 21(9) <50 <80 12(6) 40(13) <100
ang/% 68.2(1.4) 100(10) - 74(8) 105(10) -
As }Lg/ g 5.3(3) 9.1(6) 10.3(4) 5.2(3) 8.0(3) 8.4(4)
Sepg/g <0.3 <0.9 <1.2 <0.4 <0.5 <0.7
Br p.g/ 2.4(3) 3.6(4) 14.4(1.2) 0.90(15) 2.3(3) 3.8(4)
Rbug/g 126(2) 136(3) 188(3) 122.4(1.8) 148(3) 128(3)
Sr p.g/ g 304(13) 342(20) 145(30) 268(8) 252(17) 165(30)
Zr p.g/ 380(14) 820(20) 155(30) 295(9) 347(18) 150(30)
Aguglg - <0.5 0.7(2) <1.0 - -
Sbug/g 0.82(3) 1.48(4) 1.70(4) 0.98(2) 1.45(4) 1.47(4)
Cs ].lg/ 4.58(7) 6.89(11) 13.44(15) 5.71(8) 9.31(14) 10.09(12)
Bapg/g 799(19) 650(20) 317(14) 672(14) 531(17) 245(14)
La pg/ g 60.8(9) 70.3(1.0) 49.0(5) 47.3(7) 46.5(7) 49.6(5)
Ce pg/ 111.9(1.6) 144(2) 100.5(1.0) 85.8(1.2) 88.8(1.3) 105.4(1.1)
Ndpg/g 44(3) 53(5) 38(4) 36(2) 35(3) 38(4)
Sm pg/ g 7.37(10) 9.38(14) 7.83(8) 6.19(9) 6.61(9) 8.08(8)
Eu pg/g 1.19(2) 1.43(3) 1.08(3) 1.076(15) 1.04(2) 1.12(3)
Tb p.g/g 0.811(19) 1.08(3) 0.96(3) 0.703(13) 0.83(2) 1.09(4)
Yb p.g/ g 2.64(4) 4.18(7) 3.26(4) 2.47(4) 3.34(5) 3.65(5)
Lu pg/g 0.405(10) 0.673(16) 0.486(9) 0.384(9) 0.525(12) 0.535(10)
Hf pg/ g 9.33(16) 21.4(4) 4.97(10) 7.98(12) 9.79(20) 5.07(10)
Tapg/g 1.35(4) 1.81(5) n/a 1.23(2) 1.55(5) n/a
Wyg/ 2.1(4) 2.8(8) n/a 1.7(4) 2.5(3) n/a
Aung/g <4 <5 5.3(3) <3 4.8(2.4) 11.5(3.6)
Th pg/ g 15.7(2) 25.0(4) 24.1(2) 15.5(2) 19.8(3) 26.2(3)
18} pg/g 3.10(11) 5.42(20) 2.53(10) 4.24(12) 5.19(15) 3.93(13)
XRD
quartz 21(1) 16(1) 2(1) 18(1) 11(1) -
tridymite 5(1) 1(1) - 2(1) 1(1) -
cristobalite 2(1) - - 3(1) tr -
feldspar 39(6) 26(3) 6(2) 35(5) 19(2) -
amphibole 1(1) 3(1) - 1(1) 1(1) -
biotite - 2(1) - - 2(1) -
chlorite - 1(1) - - - -
hematite tr - - tr 1(1) -
opal-A 15(8) 32(6) - 27(7) 41(8) -
ite 6(2) - 29(15) tr - 32(17)
smectite 9(2) 17(5) 59(30) 12(4) 22(7) 65(35)
kaolinite - - 2(1) -
calcite - tr 1(1) - - -
zeolite 2(1) 2(1) - 2(1) 2(1) 3(2)

58




Appendix 4: Quantitative Chemical (INAA) and Mineralogic (XRD) Data for Slope-Parallel

Calcretes from Trench 14, Exile Hill

sample: 243,p1 245,p2 245,p3 245,p4 246,pl 246,p2
root-
calcrete fossil
type: bulk opal-CT dense goidal ooidal rich
Chemistry (INAA)
Na,0 % 0.612(9) 0.0138(3) 0.0343(6) 0.756(11) 0.293(4) 0.302(4)
CaO % 27.9(5) 0.34(2) 24.3(5) 29.5(6) 30.8(6) 37.1(7)
FeO % 0.569(8) 0.0196(4) 0.0173(3) 0.696(10) 0.1407(20) 0.1256(18)
Scpg/g 1.42(2) 0.0312(4) 0.0203(3) 1.59(2) 0.358(5) 0.299(4)
Crpg/ n/a n/a n/a n/a n/a n/a
Copglg 2.23(3) 0.506(8) 0.472(7) 2.47(3) 0.702(10) 1.306(18)
Ni pg/ <7 <2 3.7(1.2) 9(4) <6 10.0(1.6)
Znyglg 18.3(4) 1.29(13) 1.29(13) 23.8(7) 4.4(4) 3.9(3)
Aspg/e 5.64(17) 0.062(17) 3.68(8) 5.61(15) 10.05(20) 12.21(19)
Sepg/g 0.11(4) <0.1 0.10(3) <02 0.20(5) 0.21(3)
Brpg/ 9.1(6) 0.46(3) 10.0(7) 9.4(7) 16.7(1.6) 12.9(8)
Rbug/g 29.4(6) 0.18(7) <04 39.2(9) 6.1(4) 7.2(3
Srug/g 392(7) 7.1(1.6) 517(9) 641(12) 879(16) 946(15)
Zrpg/ 63(4) <5 <8 74(5) 17(4) 10.8(1.8)
Agug/e 0.74(4) 0.029(10) 0.159(13) 0.91(3) 0.46(3) 1.41(3)
Sbug/g 1.010(18) 1.93(3) 1.052(17) 0.536(13) 0.725(15) 0.291(7)
Cspg/ 1.327(19) 0.017(2) 0.016(3) 1.68(3) 0.325(8) 0.337(6)
Ba pg/% 228(6) <6 60(3) 260(7) 160(5) 140(4)
La pg/ g 13.17(19) 0.44(10) 0.18(4) 19.4(3) 9.24(13) 2.57(4)
Cepg/ 23.6(3) 0.52(9) 0.45(10) 28.9(4) 17.0(2) 5.09(8)
Ndpg/g 9.4(8) <15 < 13.4(1.1) 6.0(7) 2.0(4)
Smpg/g 1.76(3) 0.09(3) - 2.45(4) 0.766(17) 0.389(9)
Bupg/g 0.270(5) 0.0078(11) 0.0044(11) 0.327(7) 0.053(3) 0.0503(17)
Tbpg/g 0.207(5) 0.0084(11) 0.0067(18) 0.260(8) 0.059(3) 0.047(2)
Ybug/g 0.731(12) 0.028(3) 0.034(3) 0.887(16) 0.160(7) 0.153(5)
Lupg/g 0.110(3) - - 0.135(5) 0.025(2) 0.0253(16)
Hfpg/ 1.72(3) 0.040(4) 0.027(4) 2.06(4) 0.515(13) 0.323(9)
Tapg/g 0.298(8) <0.01 0.0048(20) 0.412(11) 0.077(5) 0.071(3)
Wyg/ 1.05(17) 0.09(2) 0.97(7) 1.57(14) 1.98(4) 3.18(11)
Aung/g 5.2(1.0) 2.4(3) 2.4(4) 3.3(1.0) 6.3(8) 6.0(8)
Thug/g 4.06(6) 0.125(4) 0.062(4) 5.28(7) 1.336(19) 0.938(13)
Upg/ g 7.53(16) 18.3(4) 15.2(3) 3.64(9) 8.51(17) 4.21(10)
XRD
quartz 3(1) - - 2(1) tr tr
tridymite - - - tr - -
cristobalite 1(1) - - tr - -
feldspar 6(1) - - 9(1) 2(1) 3(1)
amphibole - - - tr - -
biotite tr - - tr tr -
cla tr - - 1(1) 5(2) 5(2)
zeolite 1(1) - - 1(1) - -
gypsum - - - - 1(1) -
sepiolite - - 4(1) - - -
opal-A 42(3) - - 31(4) 35(4) 29(4)
opal-CT - 99(2) 50(5) - - -
calcite 47(2) 1(1) 45(2) 56(3) 57(3) 63(3)
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Appendix 4: Quantitative Chemical (INAA) and Mineralogic (XRD) Data for Slope-Parallel
Calcretes from Trench 14, Exile Hill (continued)

sample: 246,p3 248,pl 248,p2 250,p1 250,p2 920,p1
root-
calcrete fossil
type: dense dense ooidal ooidal dense rich
Chemis AA)
Na,0 % 0.1290(19) 0.0683(13) 0.218(3) 0.667(9) 0.192(3) 0.428(5)
K0% n/a n/a n/a n/a n/a 0.39(10)
CaO % 22.8(5) 35.6(8) 37.5(7) 33.9(8) 27.7(5) 26.6(4)
FeO % 0.0149(3) 0.0414(6) 0.1351(19) 0.402(6) 0.168(2) 0.1438(16)
Scpglg 0.0284(4) 0.0942(13) 0.317(4) 1.002(14) 0.339(5) 0.348(4)
Crug/ n/a n/a n/a n/a n/a 0.68(9)
Cong/g 0.428(6) 0.452(6) 1.001(14) 1.78(3) 0.540(8) 0.895(10)
Ni pg/ 7.4(1.1) <5 5(2) <10 <8 4(2)
Znpglg 1.08(15) 1.91(17) 4.3(2) 12.4(5) 5.7(2) 6.4(3)
Aspg/g 8.64(16) 10.4(2) 8.62(14) 10.9(2) 7.94(19) 9.59(14)

Seug/g 0.14(4) 0.17(3) <0.19 0.15(6) <0.14 0.25(6)

Br p,g/ 11.4(8) 13.4 (1.0) 11.7(1.0) 11.2(9) 11.3(1.0) 13. 5(8)

0.63(13) 1.38(17) 7.2(3) 28.3(6) 7.1(3) 9.7(3
Sr pg/g 543(10) 532(10) 593(11) 565(10) 423(9) 707(8)
Zr pg/ <5 <7 19(3) 78(4) 15(3) 20(3)
Ag relg 0.87(2) 0.186(15) 0.26(2) 0.23(3) 0.166(20)

Sbrg/g 1.025(17) 0.969(16) 0.475(10) 0.535(12) 0.732(14) 0.777(13)
Cspg/ 0.029(2) 0.093(4) 0.321(7) 1.107(17) 0.325(7) 0.296(6)
Bapg/g 57(3) 116(3) 105(3) 241(6) 197(5) 139(5)
Lapg/g 0.20(5) 0.74(2) 2.64(4) 11.46(16) 7.09(10) 6.00(8)
Cepg/ 0.40(10) 1.34(4) 5.00(8) 22.8(3) 12.53(18) 11.68(15)
Ndpg/g <0.7 1.1(3) 3.0(4) 8.1(8) 4.7(5) 4.2(7)
Smpg/g - 0.110(19) 0.465(8) 1.43(2) 0.607(19) 0.645(13)
Eupg/g 0.0052(13) 0.0135(13) 0.068(3) 0.203(4) 0.064(3) 0.111(3)
Tb ug/ g 0.0035(11) 0.0092(16) 0.055(3) 0.151(5) 0.048(3) 0.061(3)

p.g/ g 0.018(2) 0.047(4) 0.204(5) 0.548(11) 0.162(5) 0.212(7)
Lupg/g - - 0.0297(12) 0.090(3) 0.0237(13) 0.033(3)
Hfpg/g 0.032(4) 0.073(5) 0.578(12) 1.82(3) 0.547(12) 0.685(14)
Tapg/g 0.006(3) 0.014(2) 0.079(4) 0.266(4) 0.070(4) 0.082(4)
Wg/ 1.40(12) 1.75(13) 2.01(9) 1.96(12) 1.19(16) 1.62(14)
Aung/g 6.6(6) 1.9(6) 5.3(6) 4.7(8) 4.0(6) 7.7(1.2)
Thug/g 0.071(3) 0.204(5) 0.978(14) 3.57(5) 1.24 1(18) 1.286(15)
Upglg 11.4(2) 8.58(17) 3.46(7) 3.36(8) 9.18(19) 7.21(10)

XRD
quartz - - 1(1) 1(1) tr tr
tridymite - - - 1(1) - -
cristobalite - - - - - -
feldspar - - 2(1) 7(1) 2(1) 6(1)
amy ole - - - - - -
biotite - - - - - -
clay - 1(1) tr 1(1) tr 5(2)
zeolite - - - tr - -
gypsum - - - - tr
sepiolite 5(2) - - - - -
opa;il?l' 57(3) 37(3) 35(3) 33(4) 49(2) 41(3)
0 - - - - - - -
(I:)alate 38(2) 62(3) 62(3) 57(3) 49(2) 48(2)
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Appendix 5: Quantitative Chemical (XRF, AA, LOI, INAA) and Mineralogic (XRD) Data for

Vein-Filling Calcretes from Trench 14, Exile Hill

sample: 1,p25 7,p1 47,p1 773,p1 48,p2 48,p2
bulk <45 mm
calcrete channel channel channel channel ash-bearing ash-bearing
type: sample sample sample sample laming lamina
Chemistry (SiO, - P,0; by XRF; *K,0 by AA; volatiles by LOI; others by INAA)
Si0, % 38.7(4) 41.2(4) n/a n/a 55.0(6) n/a
TiO, % 0.084(2) 0.057(1) n/a n/a 0.259(7) n/a
ALO; % 2.81(7) 1.66(4) n/a n/a 9.7(2) n/a
FeO % 0.55(2) 0.31(1) n/a n/a 1.41(4) n/a
MnO % 0.010(1) 0.002(1) n/a n/a 0.033(1) n/a
MgOq, 1.28(3) 1.08(3) n/a n/a 0.88(2) n/a
P,04 0.027(3) 0.028(3) n/a n/a 0.068(7) n/a
*K,.0 % 0.76(2) 0.42(1) n/a n/a 2.62(7) n/a
volatiles % 27.6(2.8) 26.8(2.7) n/a n/a 13.4(1.3) n/a
NayO % 0.577(8) 0.379(6) 0.653(10) 0.335(5) 2.14(3) 0.305(4)
CaO % 27.8(6) 27.9(5) 28.4(6) 31.6(6) 16.2(5) 41.8(8)
FeO % 0.575(8) 0.311(5) 0.440(7) 0.240(3) 1.316(19) 0.652(9)
Sepg/g 1.21(2) 0.771(11) 1.072(16) 0.625(9) 2.97(4) 1.50(2)
Crug/ n/a n/a n/a n/a 12.65(19) 7.46(19)
Couglg 3.55(5) 1.85(3) 1.86(3) 1.46(2) 3.10(4) 2.75(4)
Ni pg/ n/a <6 10(3) 7(2) <20 <20
Znuglg 21(4) 9(2) 12.0(5) 8.0(4) 33.9(8) 15.4(6)
Aspg/g 6.9(2) 7.40(14) 6.82(19) 7.54(17) 5.4(3) 10.4(2)
Se p.g/ g <0.3 0.14(5) <0.3 <0.2 <0.2 0.24(10)
Brug/ 6.5(5) 9.8(6) 11.7(9) 10.5(1.1) 7.8(5) 18.6(1.6)
Rbug/g 27.0(1.2) 16.6(5 23.4(5) 13.9(4) 73.6(1.4) 15.0(6)
Srug/g 880(50) 850(40) 738(13) 719(13) 510(11) 744(15)
Zrpg/ 69(7) 44(4) 57(5) 28(4) 150(7) 126(6)
Agug/e n/a n/a n/a n/a <0.2 -
Sbug/g 0.80(2) 0.897(14) 0.809(17) 0.942(17) 0.598(17) 0.630(16)
Cspg/ g 1.24(2) 0.803(13) 0.801(14) 0.610(10) 2.04(4) 0.844(17)
Ba p.g/g 172(7) 141(4) 229(6) 115(4) 620(12) 206(6)
Lapg/ g 9.93(15) 7.19(13) 12.6(2) 6.90(10) 33.9(5) 13.63(19)
Cepg/ 19.5(3) 14.0(2) 22.9(4) 13.0(2) 60.1(8) 25.6(4)
Ndpg/g 7.3(1.0) 5.6(6) 8.9(8) 5.2(6) 23.5(1.5) 11.3(1.0)
Smyg/g 1.35(2) 0.95(2) 1.55(3) 0.831(19) 4.16(6) 2.03(3)
Eupg/g 0.211(6) 0.135(4) 0.244(5) 0.109(3) 0.740(13) 0.296(7)
Tbug/g 0.159(5) 0.103(4) 0.165(5) 0.087(4) 0.455(11) 0.215(8)
Ybpg/g 0.586(15) 0.445(9) 0.544(11 0.337(8) 1.357(19) 0.752(15)
Lupg/g 0.090(3) 0.076(2) 0.086(3) 0.055(2) 0.205(5) 0.122(3)
Hfpg/g 1.65(3) 0.93(2) 1.41(2) 0.796(17) 3.76(6) 3.28(5)
Tapg/g 0.294(11) 0.170(5) 0.249(7) 0.156(5) 0.76(2) 0.224(9)
Wug/ 1.27(15) 1.09(12) 1.36(17) n/a 0.9(4) 1.96(19)
Aung/g 7.1(2.6) 10.6(2.8) 8.6(6) 9.1(1.0) 5.1(1.6) 14.0(1.4)
Thug/g 3.32(5) 2.21(3) 3.96(6) 2.15(3) 9.51(13) 3.53(5)
Upglg 7.5(2) 8.51(15) 5.92(13) 8.04(17) 3.96(10) 3.73(9)
XRD
quartz 3(1) 1(1) 4(1) 1(1) 10(1) 2(1)
tridymite - - 1(1) - - -
cristobalite - - - - - -
feldspar 8(1) 4(1) 8(1) 5(1) 35(4) 4(1)
amphibole - - - - 1(1) tr
biotite - - - - - tr
cla 1(1) - 1(1) ir 3(1) tr
zeolite 1(1) - 1(1) - 5(1) tr
sepiolite - - - - - -
opa?l-cl’kr 31(4) 41(3) 36(3) 35(3) 29(5) 19(4)
0 - - - - - - -
(I:)alcite 56(3) 54(3) 49(2) 59(3) 17(1) 75(4)
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Appendix 5: Quantitative Chemical (XRF, AA, LOJ, INAA) and Mineralogic (XRD) Data for

Vein-Filling Calcretes from Trench 14, Exile Hill (continued)

sample: 1,p13 1,p15 1,p16 1,p18 1,p19 1,p20 1,p23
calcrete root- ro0t-
Iamin sepiolite + fossil fossil
type: calcite ooidal dense rich ooidal rich dense
Chemistry (INAA)
Na,0 % 0.150(2) 1.181(17) 0.523(7) 0.313(4) 0.628(9) 0.411(6) 0.0984(14)
Ca0 % 33.6(5) 21.1(4) 28.8(6) 39.1(7) 32.4(6) 33.9(7) 34.9(6)
FeO % 0.136(2) 1.133(16) 0.540(8) 0.298(4) 0.455(6) 0.316(4) 0.0658(9)
Scpglg 0.319(5) 2.71(4) 1.340(19) 0.734(10) 1.098(16) 0.812(11) 0.1224(17)
Crpg/ n/a n/a n/a n/a n/a n/a n/a
Coug/g 1.29(2) 4.64(7) 1.60(2) 2.53(4) 2.71(4) 2.85(4) 0.702(10)
Nipg/ n/a 30(5) 8(3) <12 7(3) 5(2) 5.4(1.9)
Znpglg 12(3) 41(2) 15.1(4) 8.1(5) 17.3(5) 11.9(3) 2.8(2)
Aspg/g 10.8(2) 5.74(12) 7.65(19) 6.94(15) 6.69(14) 7.76(15) 13.07(19)
Sepg/g 0.14(6) <0.3 <0.2 <0.15 <0.2 0.11(5) 0.20(4)
Brug/ 26.1(1.2) 4.5(3) 8.2(6) 8.0(7) 6.3(6) 8.8(8) 11.1(6)
Rb pgé 6.3(4) 57.5(1.0) 25.4(6) 13.4(4) 25.4(6) 15.0(4) 2.3(2)
Srpglg 1020(40) 556(12) 698(13) 895(16) 946(16) 927(15) 1234(20)
Zrpg/ 11(3) 125(7) 61(5) 30(4) 84(4) 59(3) 8(3)
Agpglg n/a 3.34(5) 0.61(4) 0.26(3) 2.34(3) 1.74(5) 0.353(11)
Sbpg/g 0.339(8) 0.889(16) 0.772(16) 0.516(11) 0.440(11) 0.485(11) 0.942(14)
Cspglg 0.472(9) 2.86(4) 1.307(19) 0.687(12) 1.019(16) 0.679(11) 0.121(5)
Bapg/g 126(4) 293(6) 154(5) 132(4) 178(5) 141(4) 72(3)
Lapg/g 2.70(4) 19.8(3) 10.98(16) 6.23(9) 14.6(2) 8.75(12) 0.976(15)
Cepg/ 4.89(9) 37.6(5) 21.5(3) 12.19(17) 26.7(4) 16.4(2) 2.01(6)
Ndpg/g 2.3(5) 14.6(9) 8.0(8) 4.6(5) 10.5(9) 6.5(6) <2
Smpg/g 0.414(8) 2.52(4) 1.44(3) 0.831(16) 1.48(2) 0.972(15) 0.160(19)
Fupg/g 0.063(2) 0.413(8) 0.205(5) 0.130(4) 0.245(5) 0.154(3) 0.0211(19)
Thug/g 0.052(2) 0.293(8) 0.159(5) 0.091(4) 0.152(5) 0.102(4) 0.01852)
Ybpg/g 0.182(8) 1.099(16) 0.598(12) 0.368(8) 0.598(12) 0.425(9) 0.080(4)
Lupg/g 0.026(2) 0.175(4) 0.095(3) 0.0585(18) 0.097(3) 0.070(2) -
Hfpg/g 0.305(11) 3.35(5) 1.56(3) 0.798(16) 2.13(4) 1.30(2) 0.169(8)
Tapg/g 0.067(4) 0.618(16) 0.302(9) 0.154(6) 0.243(8) 0.173(5) 0.027(3)
Wyg/ 20.2(3) 2.05(12) 1.16(16) 1.44(15) 1.90(14) 3.12(13) 1.40(6)
Aung 15.0(2.8) 2.6(8) 3.1(1.0) 8.2(8) 11.5(1.0) 9.4(1.0) 6.4(6)
Thug/g 0.888(15) 7.14(10) 3.58(5) 2.00(3) 3.37(5) 2.33(3) 0.331(7)
Upglg 3.46(7) 7.27(12) 9.34(19) 5.26(11) 4.44(10) 4.54(10) 12.6(2)
XRD/chem XRD XRD XRD XRD XRD XRD
quartz - 5(1) 3(1) 1(1) 3(1) 2(1) 1(1)
tridymite - 1(1) - - - - -
cristobalite - - tr - - - -
feldspar - 15(2) 5(1) 3(1) 5(1) 8(1) -
amp ole - tr tr tr tr - -
biotite - tr tr tr tr tr -
cla - 2(1) tr 2(1) 2(1) 3(1) 2(1)
zeolite - 2(1) 1(1) tr tr tr tr
sepiolite 39(2) - - - - - -
opaalllé - 41(3) 41(3) 24(4) 26(3) 24(3) 38(3)
o - - - - - - - -
n}:)alcite 61(1) 34(2) 50(3) 70(4) 64(3) 63(3) 59(3)
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samyle:

Appendix 5: Quantitative Chemical (INAA) and Mineralogic (XRD or XRD/chem) Data for
Vein-Filling Calcretes from Trench 14, Exile Hill (continued)

7,02 7,03 7,p4 7,p5 49,p1 349,p1 922,p1
calcrete root- root- root-
lamina fossil fossil opal-CT + fossil
tupe: rich rich dense ooidal calcite opal-A rich
Chemistry (INAA)
Na,0 % 0.0711(11) 0.0667(9) 0.155(2) 0.352(5) 0.0318(5) 0.0237(5) 0.885(10)
K,0 % n/a n/a n/a n/a n/a n/a 1.2(2)
CaO % 28.2(5) 29.9(6) 31.8(6) 30.4(6) 22,5(4) 0.34(5) 18.2(4)
FeO % 0.0598(8) 0.0611(9) 0.180(3) 0.340(5) 0.0170(4) 0.0237(4) 0.623(7)
Scug/g 0.1394(20) 0.143(2) 0.444(6) 0.772(11) 0.0133(4) 0.0181(3) 1.362(14)
Crug/ n/a n/a n/a n/a n/a n/a 1.63(18)
Cong/g 0.760(11) 1.90(3) 1.255(18) 1.80(3) 0.249(6) 0.073(2) 2.86(3)
Ni pg/ <5 <7 <8 <9 <4 <5 13(5)
Inpg/g 2.04(20) 3.7(3) 5.3(3) 10(2) 130(30) 210(40) 29.5(7)
As ug/ g 6.07(12) 6.73(19) 9.42(15) 8.22(15) 5.05(11) 0.34(7) 7.8(2)
<0.15 <0.15 0.19(4) 0.13(5) - - <0.2
Br pg 9.1(6) 10.2(9) 13.1(1.3) 11.2(1.1) 8.0(4) 1.02(7) 7.5(7)
Rb p.g 1.77(18) 2.1(2) 9.0(3) 16.3(4) <0.5 - 34.6(9)
Srug/ g 504(10) 568(10) 804(13) 858(14) 690(30) 39(5) 791(12)
Zrpg/ <11 <7 10(3) 37(4) <8 <15 120(7)
Ag uglg 0.308(18) 0.47(2) 0.38(2) 0.23(3) n/a nfa -
pg/ g 0.629(11) 1.19(2) 0.543(11) 0.421(9) 1.152(16) 1.27(2) 0.437(15)
Cspg/ 0.150(5) 0.164(5) 0.598(10) 0.840(13) 0.028(5) 0.033(5) 1.45(2)
Bapg/g 57(2) 56(3) 78(3) 140(4) 38(7) <40 426(11)
Lapg/g 1.10(2) 0.98(2) 2.22(3) 6.01(8) 8.65(12) 11.29(16) 20.3(2)
Cepg/ 2.24(5) 2.42(6) 4,72(8) 11.99(18) 0.18(6) 0.27(8) 38.5(4)
Ndug/g 0.9(3) 1.3(3) 2.3(4) 4.8(6) 1.2(5) <2 15.7(1.8)
Smpg/g 0.198(12) 0.219(10) 0.445(14) 0.841(16) 0.035(16) <0.16 3.13(3)
Bupg/g 0.0252(16) 0.0247(19) 0.054(2) 0.125(3) 0.0032(15) <0.004 0.385(9)
Tb pg/ g 0.027(2) 0.028(2) 0.063(3) 0.100(4) <0.01 <0.007 0.387(11)
Ybug/g 0.131(4) 0.173(6) 0.273(6) 0.448(8) 0.021(5) <0.020 1.31(2)
Lupg/g 0.0202(11) 0.0279(15) 0.0420(17) 0.072(2) - <0.019 0.193(5)
Hfpg/ 0.094(6) 0.100(6) 0.374(9) 0.923(17) <0.02 0.023(11) 3.48(5)
Tapg/g 0.020(2) 0.018(3) 0.100(4) 0.176(6) <0.01 <0.01 0.57(2)
Wog/ 0.89(8) 1.02(12) 1.12(6) 1.28(11) 0.67(5) 0.63(13) 0.7(2)
Aung/g 9.5(8) 4.8(8) 9.0(6) 11.4(1.0) 5.5(1.2) 9.8(2.0) 29.3(3.0)
Thpg/g 0.423(7) 0.436(8) 1.162(16) 2.29(3) 0.053(6) 0.080(7) 8.38(8)
Uuglg 4.88(10) 6.24(13) 7.44(15) 6.01(12) 11.1(2) 22.9(4) 4.65(10)
XRD XRD XRD XRD XRD/chem XRD/chem XRD
uartz - - tr 2(1) 1(1)
tridymite - - - - - - -
cristobalite - - - - - - -
feldspar - - 2(1) 8(1) - - 11(2)
amphibole - - 1(1) - - -
biotite - - - - - - tr
cla tr - - 1(1) - - 10(3)
zeolite - - - - - - 9(1)
gypsum - - - - - - -
sepiolite - - - - - - -
opal-A 49(3) 42(3) 42(3) 26(4) 100(1) 37(5)
opal-CT - - - - 56(2) - 6(2)
calcite 51(3) 58(3) 56(3) 62(3) 44(1) - 26(2)
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Appendix 6: Quanmtitative Chemical (IC, INAA) and Semi-Quantitative Mineralogic (XRD) Data
for Ashed Root Samples from the Vicinity of Trench 14, Exile Hill (samples 350, 351, 352) and from

Higher Elevation at Rainier Mesa (719, 720)

sample: 350,p1 351,p1 351,p2 352,p1 719,p1 720,p1
plant creosote creosote Mormon
type: boxthorn (sheath) (inner) tea pifion juniper
Chemistry (Cl, N, C,0y4, P,03, and S by IC; others by INAA)
Cl% 3.16(1) 0.466(5) 0.597(2) 0.256(1) 1.97(2) 0.197(1)
N % 1.48(4) 1.40(4) 0.56(1) 2.79(4) 2.28(1) 2.12(3)
G0, % 47.7(1.3) 52.2(1.3) 42.9(6) 24.3(2) 8.07(20) 19.4(3)
P09 2.75(28) 0.66(6) 11.4(6) 0.49(2) 2.97(23) 0.86(12)
S% 1.00(3) 3.20(2) 2.37(16) 0.707(1) 0.86(12) 0.422(28)
Na,0 % 0.919(9) 0.560(6) 1.258(13) 0.551(6) 0.841(9) 0.318(3)
K,0 % 5.0(6) 4.4(5) 3.4(5) 1.4(2) 16.5(1.8) 2.3(3)
Ca0 % 28.8(6) 29.3(5) 27.4(5) 30.0(5) 13.7(3) 29.0(5)
FeO % 0.1719(19) 0.291(3) 0.322(5) 0.538(5) 0.860(9) 0.489(5)
Scuglg 0.270(3) 0.524(5) 0.153(4) 1.165(12) 1.663(17) 1.132(12)
Crpg/ 6.3(3) 7.0(2) 45.0(9) 10.70(18) 18.6(4) 8.2(4)
Copglg 1.655(20) 1.876(19) 12.75(14) 1.635(16) 1.85(2) 1.77(2)
Nipg/ 25(7) 3(5) 219(20) 15(5) 34(8) 18(8)
Znyglg 47.3(9) 81.0(1.1) 205(5) 36.0(6) 221(2) 153.8(1.8)
Aspg/e 2.4(3) 0.81(14) 4.4(4) 1.29(13) 2.5(3) 1.57(19)
Sepg/ 2.9(3) 3.2(2) 8.3(1.0) 0.75(11) 0.8(2) 1.3(3)
Brpg/ 234(18) 82(8) 83(7) 48(3) 56(5) 26.7(1.6)
Rb pg/gg 7.7(6) 16.6(6 13.6(1.5 19.3(6 103(2) 23.9(1.0)
Srugl/g 3820(40) 3000(30) 2840(50) 1311(14) 615(16) 1299(20)
Zrpg/ <12 17(4) 8(4) 75(5) 115(11) 42(9)
Agug/g 0.39(5) 0.15(5) 0.71(4) 0.24(6) 0.31(11) 3.36(9)
nglg 0.088(12) 0.237(10) 0.94(3) 0.241(10) 0.285(17) 0.381(18)
Cspg/ 0.227(13) 0.466(12) 0.15(3 0.746(13) 1.66(3) 1.09(2)
Bapg/g 161(10) 389(10) 394(15) 291(7) 270(10) 623(15)
Lapg/g 1.63(3) 3.90(4) 4.14(7) 10.30(11) 25.0(3) 30.1(3)
rgl/ 3.47(17) 8.14(13) 9.3(5) 18.93(20) 46.4(5) 22.2(3)
Ndpg/g <5 3.1(1.0) 2.1(1.7) 6.5(9) 18.7(1.9) 19(2)
Smyg/g 0.238(8) 0.578(8) 0.399(14) 1.245(13) 3.40(4) 3.49(4)
Eupg/g 0.038(3) 0.092(4) 0.086(19) 0.200(5) 0.369(9) 0.434(11)
rglg 0.030(5) 0.071(6) 0.04(2) 0.143(5) 0.379(13) 0.461(14)
Ybpg/g 0.10(2) 0.248(14) 0.08(2) 0.504(14) 1.08(2) 1.20(3)
Lupg/g 0.016(4) 0.043(3) 0.013(4) 0.079(3) 0.162(6) 0.179(6)
Hfpg/g 0.26(3) 0.41(2) 0.21(2) 1.92(3) 2.95(6) 1.23(4)
Tapg/g 0.061(6) 0.096(6) 0.056(6) 0.207(8) 0.401(17) 0.221(13)
Whg/ 74.9(1.0) 2.0(3) 12.0(6) 1.8(2) 3.0(4) 3.9(4)
Aung/g 55(4) 25.0(2.0) 123(8) 60.8(3.4) 49.9(3.6) 9.2(2.4)
Thpg/g 0.48(2) 1.061(17) 0.21(4) 3.08(4) 6.78(8) 3.26(4)
Upglg 0.24(7) 0.83(5) <04 0.71(5) 2.61(10) 1.09(7)
XRD
whewellite MAJOR MAJOR MAJOR MAJOR MAJOR MAJOR
amorphous minor? minor? minor? MAJOR MAJOR MAJOR
zeolite - - - trace? - -
uartz - - trace - trace trace
iotite trace trace trace? trace trace trace
amphibole - trace - trace - -
feldspar - - - minor minor trace
chlorite/kaol - - - trace - -
Ash/Root
weight 0.0832 0.1452 0.0371 0.1161 0.0402 0.0834
fraction
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Appendix 7: Quantitative Chemical (INAA) and Mineralogic (XRD) Data for Local Springs, Seeps,
and a Paleozoic Carbonate

sample: 251,p1 751,p1 753,p1 601,p1
locality: South Crater Flat GMC Spring IMV pit UE-25 P#1
sample calcite root cast, Roberts Mt. Fm.
: seep deposit opal-A opal-CT dolomite
Chemistrg (INAA)
Na,0 % 0.0599(8) 0.0618(10) 0.1556(16) 0.0405(10)
K,0% n/a 0.12(4) 0.09(4) 0.13(5)
Ca0 % 49.9(8) 0.12(5) 0.20(3) 27.7(4)
FeO % 0.0267(4) 0.0912(9) 0.0416(6) 0.1413(14)
Sc pg/ g 0.0516(7) 0.200(2) 0.1112(12) 0.570(6)
Crpg/ n/a n/a n/a 20.4(2)
Copg/g 0.182(4) 0.203(6) 0.072(4) 3.35(3)
Nipg/ <1.5 <4 <3 54(4)
Znpg/g - 2.7(2) 0.96(15) 12.2(5)
ng/ g 12.2(2) 0.87(7) 0.14(5) 2.74(12)
Sepg/g 0.71(7) 0.22(6) - <0.4
Brpg/ 23.7(1.1) 1.38(8) 0.27(4) 1.48(11)
1g 1.3(2) 4.9(2) 2.7(2) 3.2(4)
Sryug/g 960(40) 46(4) 16(4) 72(7)
rg/ <5 <15 <10 19(4)
Aguglg n/a - - 5.35(8)
pg/ g 0.113(5) 0.553(8) 0.795(12) 0.350(9)
rg/ 0.315(6) 0.464(6) 0.382(7) 0.243(8)
Baug/g 332(6) <20 12(3) 14(4)
Lapg/g 0.407(6) 17.05(17) 0.201(11) 6.36(6)
Cepg/ 0.64(5) 59.7(6) 0.46(7) 9.23(11)
Ndpg/g 1.1(5) 14.4(1.0) <1.2 5.3(8)
Smpg/g 0.075(6) 3.08(4) 0.08(3) 0.987(11)
Eupg/g 0.0074(10) 0.437(6) 0.0072(16) 0.194(5)
Tbpg/g 0.0122(14) 0.359(6) 0.0050(17) 0.144(5)
Ybug/g 0.065(5) 1.511(15) 0.019(5) 0.431(12)
Lupg/g 0.0112(16) 0.239(3) <0.006 0.0641(20)
Hfug/g 0.032(7) 0.107(7) 0.072(9) 0.598(18)
Tapg/g 0.010(2) 0.019(30 0.013(3) 0.164(7)
Wpg/ 0.54(6) <0.8 <0.15 n/a
Aung/g 1.0(4) <1.3 0.7(6) 6.7(1.4)
Thpg/g 0.135(6) 3.36(3) 0.224(9) 0.670(12)
Upg/g 2.85(5) 27.0(3) 19.2(3) 2.51(6)
XRD
qluartz tr - tr 2(1)
feldspar tr - - -
opal-A - 100(1) - -
opal-CT - - 100(2) -
calcite 100(2) - - 4(1)
dolomite - - - 94(14)
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Appendix 7: Quantitative Chemical (INAA) and Mineralogic (XRD) Data for Local Springs, Seeps,

and a Paleozoic Carbonate (continued)

sample: 754,p1 755,p1 766,p1 760,p1
locality: Travertine Point Travertine Point Grapevine Spring Nevares Spring
black calcite white calcite black calcite surface of
sample_type: pein vein vein spring mound
Chemist? (INAA)
Na,0 % 0.0951(10) 0.0449(5) 0.0753(8) 0.0452(5)
K0 % - <0.03 <0.04 <0.06
CaO % 52.7(8) 52.9(8) 52.7(7) 53.1(6)
FeO % 0.00630(18) 0.00301(17) 0.00352(15) 0.0443(7)
Scpglg 0.00281(11) 0.00482(16) 0.00147(11) 0.0882(10)
Crpg/ n/a n/a n/a n/a
Couglg 0.172(2) 0.0074(10) 1.562(16) 0.177(5)
Ni pg/ <2 1.3(6) 4.9(6) <3
Znpg/g 2.40(9) 12.37(18) 0.62(8) 3.5(3)
Aspg/g 38.5(4) 29.0(3) 14.42(15) 2.21(6)
Sepg/g - - <0.1 -
Brug/ 0.36(4) 0.046(19) 9.8(6) 6.3(4)
Rbpg/g <0.4 <0.16 <0.4 1.7(3)
Srug/g 1187(12) 1264(13) 1694(17) 1306(13)
ir ng/ 3.2(5) 2.7(9) <20 <5
& K - - - -
Sb ugg/ g 0.0164(19) 0.0026(7) 0.160(3) 0.027(4)
Cspglg 0.0076(11) 0.0025(12) 0.0186(11) 0.414(8)
Bapg/g 14.7(1.1) 10.2(1.0) 128(2) 91(4)
Lapg/g 0.012(6) 0.013(4) 0.017(4) 0.236(6)
Cepg/ <0.07 0.024(12) 0.441(17) 0.49(5)
Ndpg/g <0.6 <0.5 <0.6 <1.2
Smpg/g <0.005 <0.009 <0.006 0.039(3)
Eupg/g <0.0012 0.0006(4) <0.0013 0.0058(11)
Tbrg/g <0.004 <0.004 <0.003 0.005(2)
Ybug/g <0.009 <0.011 <0.010 0.019(5)
Lupg/g <0.0015 <0.002 <0.003 0.0027(11)
Hfpg/g 0.028(3) 0.022(3) <0.006 0.037(9)
Tapg/g <0.003 <0.002 <0.003 0.008(2)
Wyg/ 0.93(9) 0.16(5) 1.09(9) <0.2
Aung/g 2.2(6) <0.6 <0.8 <0.7
Thpg/g 0.005(2) 0.005(2) 0.0035(17) 0.102(8)
Upglg 0.254(16) 0.358(17) 0.71(2) 0.325(19)
XRD
uartz - - - tr
feldspar - - - -
opal-A - - - -
opal-CT - - - -
calcite 100(2) 100(2) 100(2) 100(2)
dolomite tr - - -
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Bapg/g

Smpg/g
Eupg/g
Tbyg/g
Ybpg/g
Lupg/g
Tape/e
Wyg/

Aung/g
Thug/g
Upg/g

1.p25a

0.587(8)
27.8(6)

0.580(8)

1.21(2)

n/a
3.69(5)
n/a
22(4)
6.9(2)
<0.2
6.4(5)
27.6(1.2)

880(50)
76(7)

n/a
0.84(2)
1.24(2)

178(7)
10.43(15)
20.5(3)

7.7(1.0)
1.37(2)

0.209(6)
0.162(5)

0.602(15)
0.093(3)
1.72(3)
0.302(11)
1.22(15)
8.1(2.6)
3.43(5)
7.4(2)

350.pla

0.910(9)
5.1(6)
28.2(6)
0.1680(19)
0.275(3)
5.9(3)
1.645(20)
21(5)
46.6(9)
2.5(3)
2.9(3)
234(18)
7.8(6)
3800(40)
<18
0.45(5)
0.087(12)
0.226(13)
159(10)
1.56(3)
3.33(17)
<6
0.228(8)
0.037(3)
0.031(5)
0.11(2)
0.014(4)
0.34(3)
0.062(6)
75.4(1.0)
54(4)
0.45(2)
0.20(7)

1.p25b

0.567(8)
27.7(5)

0.569(8)

1.21(2)

n/a
3.40(5)
n/a
20(4)
6.91(14)
<0.3
6.5(3)
26.3(9)
880(50)
62(6)

0.928(9)
4.9(6)
29.4(4)
0.1758(18)
0.264(3)
6.6(3)
1.664(18)
24(4)
47.9(9)
2.38(19)
2.8(2)
234(17)
7.5(5)

3840(40)
<12

0.33(5)
0.088(8)

1.696(18)
3.60(16)
<5

0.248(6)
0.039(3)
0.029(5)
0.099(13)
0.018(3)
0.189(20)
0.060(5)
74.4(7)
56.9(3.6)
0.510(18)
0.27(4)

Zpla

0.390(6)
27.7(5)

0.322(5)

0.809(11)

n/a
1.85(3)
n/a
9(2)
7.16(14)
<0.2
9.9(4)
16.7(5)
840(40)
48(4)

n/a
0.918(14)

6.7(5)
1.07(2)
0.145(4)
0.108(4)
0.471(9)
0.0755(14)
1.04(2)
0.173(5)
1.12(12)
9.1(1.8)
2.28(3)
8.79(14)

35Lpla
0.566(6)
4.4(5)

29.4(4)
0.296(3)
0.521(5)

0.85(4)

Zpilb

0.368(5)
28.0(5)

0.299(4)

0.732(10)

n/a
1.85(3)
n/a
9(2)
7.63(14)
0.14(5)
9.7(6)
16.5(5)
860(30)
39(2)

n/a
0.875(14)
0.790(11)

141(4)

5.40(8)

10.90(15)
4.5(6)
0.829(16)
0.125(2)
0.0982(17)
0.419(9)
0.066(2)
0.824(15)
0.166(3)
1.05(9)

12.1(2.8)
2.14(3)
8.22(15)

351.p1b

0.554(6)
4.4(5)
29.2(5)
0.285(3)
0.527(5)
7.4(2)
1.822(18)
50(5)
80.4(1.1)
0.66(14)

Appendix 8: Compilation of Replicate Analyses by INAA

47.pla 47,plb
0.698(10) 0.607(9)
28.3(5) 28.4(6)
0.472(7) 0.408(6)
1.126(16) 1.018(14)
n/a n/a
2.02(3) 1.70(2)
7(3) 13(3)
13.0(4) 10.9(5)
6.87(13) 6.77(19)
<0.20 <0.3
11.2(7) 12.1(9)
25.5(5) 22.4(5)
731(12) 744(13)
58(4) 56(5)
0.318(15) 0.32(3)
0.786(13) 0.831(17)
0.856(14) 0.746(12)
231(5) 227(6)
9.94(14) 15.3(2)
17.9(3) 27.8(4)
7.7(6) 10.1(8)
1.43(2) 1.67(3)
0.247(5) 0.240(5)
0.165(5) 0.165(5)
0.557(9) 0.531(11)
0.0850(19) 0.086(3)
1.42(2) 1.40(2)
0.251(7) 0.247(7)
1.52(9) 1.19(17)
9.1(8) 8.1(1.2)
4.28(6) 3.64(5)
5.63(10) 6.21(13)
351,p2a 351.p2b
1.248(12) 1.268(13)
3.8(5) 3.0(4)
27.5(5) 27.3(4)
0.328(5) 0.316(3)
0.176(4) 0.1303(13)
46.0(9) 43.9(4)
11.93(12) 13.57(14)
320(20) 118(6)
203(5) 206(2)
3.3(4) 5.5(2)
8.5(1.0) 8.1(4)
88(7) 77(5)
13.6(1.5) 13.6(7)
2830(50) 2853(20)
- 0.71(4)
1.08(3) 0.803(19)
0.15(3) 0.147(9)
413(15) 375(9)
7.04(7) 1.24(3)
15.5(5) 3.12(16)
3.5(1.7) <6
0.653(14) 0.144(7)
0.146(19) 0.026(3)
0.06(2) 0.020(5)
0.10(2) 0.05(2)
0.014(4) 0.011(3)
<0.2 0.212(15)
- 0.056(6)
12.1(6) 11.8(4)
112(6) 133(8)
0.20(4) 0.213(14)
<0.8 <0.4
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sample:
Na,0 %
Kzo %
CaO %
FeO %
g; rg/
ug/g
Copg/g
Nipg/g
Znpglg
Aspg/g
Sepg/g
Brug/g

Srug/
irug/g
i
e

Bryug/g
Sruglg

Aguglg
Sbrg/g
Cspg/g
Bapg/g
Lapg/g
Cepg/
Ndpg/g
Smpg/g
Eupg/g
Tbug/g
Ybpg/g
Lupg/g
Hfpg/g
Tapg/g
X’ ng/
ung/g
Thyg/g
Uuglg
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Appendix 8: Compilation of Replicate Analyses by INAA (continued)

352.pla

0.557(6)
1.4(2)
30.0(5)
0.543(5)
1.189(12)
10.75(17)
1.633(16)
15(4)
36.5(6)
1.14(13)
0.69(9)
48(3)
19.6(6)
1314(13)
91(5)
0.28(6)
0.234(10)
0.746(11)
289(7)
10.55(11)
19.96(20)
6.8(9)
1.334(13)
0.204(4)
0.158(5)
0.569(14)
0.088(3)
2.30(3)
0.216(7)
1.7(2)
64.1(3.4)
3.72(4)
0.79(5)

601.pla

0.0396(8)
0.13(4)
27.9(4)
0.1428(14)
0.573(6)
20.4(2)
3.43(3)
52(4)
12.6(5)
2.67(10)
<0.3
1.50(11)
3.2(3)
72(6)
17(4)
4.99(7)
0.351(9)
0.245(8)
15(3)
6.41(6)
9.31(11)
5.5(7)
0.996(10)
0.196(4)
0.143(5)
0.426(11)
0.0654(18)
0.587(15)
0.164(7)
26.4(3)
5.4(1.0)
0.678(12)
2.48(5)

352,p1b
0.544(5)
1.35(14)
30.0(4)
0.533(5)
1.141(11)
10.65(18)
1.637(16)
15(5)
35.4(6)
1.44(7)
0.80(11)
48(3)
19.0(6)
1308(14)
59(5)
0.19(5)
0.247(8)
0.746(13)
293(7)
10.04(10)
17.90(18)
6.2(9)
1.156(12)
0.196(5)
0.128(5)
0.438(10)
0.069(2)
1.54(3)
0.197(8)
1.81(8)
57.5(3.0)
2.43(2)
0.62(3)

601.p1b

0.0413(9)
0.13(5)
27.4(4)
0.1397(14)
0.566(6)
20.3(2)
3.27(3)
56(4)
11.7(5)
2.80(12)

0.0627(20)
0.608(18)
0.164(7)
25.0(3)
8.0(1.4)
0.662(12)
2.53(6)

429.p3a

0.171(3)
3.9(5)
2.2(2)
5.15(5)
13.68(14)
47.3(7)
n/a
<80

10.1(4)
<1.2
14.6(1.2)
188(3)
130(30)
140(30)
0.7(2)
1.67(4)
13.49(15)
325(14)
48.9(5)

2.60(10)

719,pla

0.801(8)
16.6(1.6)
14.0(3)

0.804(8)

1.684(17)
18.0(4)

1.72(2)
35(8)

224(2)

2.3(2)

0.9(2)
49(3)

101.7(1.6)
632(16)
144(11)

0.32(10)

0.283(17)

1.56(3)

261(10)
28.5(3)
51.7(5)
19.2(1.9)

3.18(3)

0.345(9)

0.324(13)

1.03(2)

0.160(6)

3.28(6)

0.353(16)

2.9(4)
53.1(3.6)

7.74(8)

2.89(10)

429,p3b
0.167(3)
3.8(5)
2.11(19)
5.13(5)
13.64(14)
47.8(6)
n/a
<80

10.5(4)
<1.2
14.1(1.0)
188(3)
160(30)
170(20)
<1.5
1.72(4)
13.39(13)
308(12)
49.1(5)
101.1(1.0)
38(3)
7.84(8)
1.08(2)
0.98(3)
3.26(4)
0.486(9)
4.91(8)
n/a
n/a
6.6(3.0)
24.1(2)
2.46(10)

719,p1b

0.880(9)
16.4(1.8)
13.4(3)

0.916(9)

1.642(16)
19.2(3)

1.98(2)
33(8)

218(2)

2.7(3)

0.64(18)
62(5)

104.0(1.6)
598(14)
86(9)

0.30(11)

0.287(16)

1.75(3)

279(10)
21.5(2)
41.1(4)
18.1(1.9)

3.62(4)

0.393(9)

0.433(12)

1.13(2)

0.164(5)

2.61(4)

0.448(17)

3.0(4)
46.7(3.4)

5.82(6)

2.32(9)

430,p3a

0.077(2)

2.3(3)

2.4(2)

5.09(5)
13.92(14)
45.4(7)

n/a

<100

8.3(4)
<0.9
3.9(4)
127(3)
160(30)
150(30)

1.50(4)
10.11(12)
248(14)
49.3(5)
105.3(1.1)
36(4)
8.05(8)
1.11(3)
1.10(4)
3.63(5)
0.536(10)
5.05(10)
n/a
n/a
11.0(3.2)
26.0(3)
3.93(12)

720.pla

0.310(3)
2.3(3)
29.0(5)
0.484(5)
1.096(11)
8.4(4)
1.76(2)
18(8)
156.0(1.8)
1.55(19)
1.5(3)
26.3(1.6)
23.5(1.0)
1320(20)
43(9)

0.378(18)
1.10(2)
624(15)
29.3(3)
20.6(3)
18(2)
3.44(3)
0.432(11)
0.467(14)
1.21(3)
0.182(6)
1.33(4)

430,p3b

0.076(3)
2.3(3)
2.9(2)
5.10(5)
13.94(14)
44.7(6)
n/a

8.5(4)
<0.7
3.6(4)
129(3)
170(30)
150(20)

1.44(4)
10.06(11)
241(12)
49.8(5)

26.3(3
3.93(13)

720.p1

0.325(3)
2.3(3)
28.9(5)
0.494(5)
1.168(12)
8.0(3)

151.6(1.6)
1.58(10)
1.17(18)
27.0(1.6)
24.3(9)



Wyg

Aung/g
Thpg/g
Upglg

sample:
Nazo %
K,0 %
CaO %
FeO %
Scug/
Crpglg
Copg/g
Nipg/g
Znpg/g
Aspg/g
Sepg/g
Brug/g
Rbug/g
Sr ug//g
Zryglg
Agug/g
Sbug/g
Cspg/g
Bapg/g
Lapg/g
Cepg/
Ndpg/g
Smpg/g
Eupg/g
Tbpg/g
Ybug/g
Lupg/g
Hifpg/g
Tapg/g
Wyg/
Aung/g
Thpg/g
Ung/g

Appendix 8: Compilation of Replicate Analyses by INAA (continued)

yi 1la

0.1576(16)
0.08(4)
0.20(3)
0.0427(5)
0.1152(12)

n/a
0.074(4)
<3

1.09(12)
0.13(5)

0.25(4)
2.78(16)
16(3)
<10

0.794(11)
0.377(6)
12(3)
0.223(11)
0.54(6)
<1.2
0.08(3)
0.0082(14)
0.0050(17)
0.019(5)
<0.006
0.084(8)
0.013(2)
<0.5
0.7(6)
0.227(7)
18.6(2)

773.pla

0.332(5)
n/a
31.4(6)
0.239(3)
0.608(9)
n/a
1.390(20)
7(2)
8.6(4)
7.54(15)
<0.2
9.6(6)
14.0(4)
712(13)
29(4)
0.74(3)
0.954(16)
0.610(10)
119(4)
6.39(9)
12.03(18)
5.1(6)
0.752(19)
0.104(3)
0.085(4)
0.346(8)
0.057(2)
0.879(17)
0.155(5)

n/a
9.3(8)
1.93(3)
8.03(15)

i 1b

0.1535(15)
0.10(4)
0.19(3)
0.0404(6)
0.1072(11)

n/a
0.069(4)

<4
0.82(15)
0.14(3)

0.29(3)
2.7(2)
16(4)
<11

0.795(12)
0387(7)

<10
0.178(9)
0.38(7)
<20

0.07(3)
0.0062(16)
<0.015
<0.02
<0.01
0.059(9)
0.012(3)
<0.15
<0.8
0.221(9)
19.8(3)

773.p1b

0.337(5)
n/a
31.8(6)

0.241(3)

0.641(9)

n/a
1.52(2)
<6
7.3(3)
7.53(17)
<0.11
11.4(1.1)
13.8(3)
725(12)
27(3)
0.55(3)
0.930(17)

8.04(17)

7 1a

0.0471(5)
<0.03
53.5(6)

0.00205(9)

0.00392(8)

n/a
0.0064(5)
<2

12.04(12)
30.4(3)

0.038(15)
<0.2
1348(13)
2.5(3)

0.0026(7)
0.0022(6)
10.6(9)
0.008(3)
0.024(12)
<0.5
<0.009

0.00042(17)

<0.004
<0.011
<0.003
0.021(2)
<0.002
0.12(5)
<0.7
<0.007
0.368(15)

79.pla

0.871(9)

1.09(19)
23.1(5)

0.714(7)

1.708(17)

2.5(2)

1.428(19)

<20

8.50(15)
<0.4

8.4(7)
28.3(1.1)

820(17)
79(9)

0.255(13)
1.80(3)
175(8)
18.49(18)
34.2(3)
12.4(1.6)
2.49(2)
0.284(9)
0.319(12)
1.168(20)
0.175(4)
2.80(5)
0.64(3)
0.75(16)
7.6(1.6)
10.25(10)
2.65(7)

755.p1b

0.0426(5)
<0.03
53.1(8)

0.00397(17)
0.00571(16)

n/a
0.0083(10)
1.3(6)

12.69(18)

27.6(3)

0.053(19)
<0.16
1180(12)
2.8(9)

<0.006
0.0028(12)
9.7(1.0)
0.017(4)

<0.07

<0.6

0.0008(4)
<0.004
<0.011
<0.0020

0.022(3)
<0.002

0.19(5)
<0.6

0.005(2)

0.347(17)

879.p1b

1.024(10)
1.2(2)
23.8(5)
0.844(8)
2.04(2)

8.80(19)
<0.3

0.307(15)
2,28 (3)
243(9)
19.90(20)
43.7(4)
18.2(1.9)
3.55(4)
0.406(9)
0.462(13)
1.44(2)
0.198(5)
3.30(5)
0.69(3)
1.0(2)
7.3(1.8)
10.26(10)
2.30(7)

7 la

0.0433(4)
<0.06
52.4(6)

0.0395(6)

0.0764(8)

n/a
0.152(4)
<3

3.3(2)
2.17(6)

6.3(4)

1.5(2)

1308(13)
<5

0.022(3)

0.033(3)
0.0050(9)
0.005(2)
0.018(6)
0.0027(11)
0.032(7)
0.0064(19)

<0.3

<0.7
0.086(6)
0.301(18)

880.pla
2.79(3)
4.4(7)
1.4(2)
0.998(10)
1.906(19)
1.1(2)
0.430(15)
<20

3.9(3)
<0.4
1.13(16)
146(2)
259(14)
190(13)

0.39(2)
3.99(5)
156(10)
32.6(3)
78.6(8)
39(3)
9.43(9)
0.629(14)
1.33(3)
3.66(4)
0.492(9)
6.92(10)
1.61(5)
1.2(5)
2.7(2.6)
20.7(2)
5.45(15)

760.p1b
0.0471(5)

<0.07

53.7(6)
0.0491(7)
0.1000(10)

n/a
0.202(5)
<3
3.6(3)
2.25(5)

6.3(4)

1.9(3)

1304(13)
<7

0.031(4)
0.443(8)
92(4)
0.282(6)
0.56(5)
<15
0.045(3)
0.0065(11)
<0.015
0.020(5)
<0.006
0.041(9)
0.009(2)
<0.2
<1.0
0.117(8)
0.348(19)

880.p1b
2.59(3)
4.0(6)
2.1(2)
0.876(9)
1.950(19)
<3

0.477(8)
<11

4.4(3)
<0.3
1.41(17)
147.2(1.8)
274(8)
188(7)

0.410(16)
4.12(5)
150(8)
35.9(4)
82.8(8)
32(3)
8.40(8)
0.508(9)
1.19(3)
3.42(4)
0.468(8)
6.88(11)
1.64(5)
1.0(4)
4.2(2.2)
21.2(2)
5.65(15)

69



sample:
NaZO %
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882,pla

1.326(13)

2.0(3)
15.9(3)

0.315(3)

1.810(18)

1.20(19)

1.108(18)

<20

7.37(14)
<0.5
8.0(6)
93.2(1.6)
573(16)
34(9)

0.490(15)
3.01(4)
51(6)
9.18(9)
21.1(2)
7.8(1.3)
2.11(2)
0.092(6)
0.387(13)
1.63(2)
0.243(5)
1.67(3)
1.07(4)
1.42(19)
8.1(1.4)
8.83(9)
6.79(12)

20.pla

0.464(5)

0.49(10)
26.0(4)

0.1228(12)

0.368(4)

0.51(9)

0.733(7)
<7

5.7(3)
9.65(13)
0.27(6)
13.4(8)
11.1(3)
692(7)
20(3)

0.768(13)
0.302(6)
139(5)
7.76(8)
15.38(15)
5.0(7)
0.809(13)
0.133(3)
0.076(3)
0.245(10)
0.040(3)
0.726(14)
0.096(4)
1.48(14)
8.0(1.2)
1.478(15)
7.19(10)

882,p1b

1.692(17)

2.1(3)
18.6(4)

0.494(5)

1.958(20)

1.40(15)

0.941(12)

<20

7.7(2)
<0.3
7.4(6)
90.0(1.5)
677(11)
47(6)

0.408(16)
2.91(3)
89(7)
12.18(12)
26.1(3)
10.6(1.5)
2.39(2)
0.160(5)
0.391(11)
1.64(2)
0.239(5)
1.91(4)
1.04(4)
1.3(3)
9.3(2.0)
10.21(10)
5.67(13)

920,p2b
0.392(4)
0.29(7)

27.2(4)
0.1647(16)
0.327(3)
0.84(8)
1.036(10)
42

0.786(12)
0.290(6)
138(4)
4.24(4)
7.97(8)
3.3(6)
0.481(11)
0.088(3)
0.046(3)
0.178(7)
0.0262(16)
0.643(13)
0.067(4)
1.75(14)
7.3(1.0)
1.093(11)
7.22(9)

883,pla

0.722(7)

1.21(19)
26.0(4)

0.620(6)

1.515(15)

4.5(2)

1.560(19)

<30

6.83(20)
0.4

<0.
12.7(8)
45.8(1.1)

581(14)
46(8)

0.686(16)
1.78(2)
154(7)
11.63(12)
22.9(2)
8.5(1.1)
1.717(20)
0.192(7)
0.226(10)
0.789(15)
0.121(3)
1.67(3)
0.397(16)
1.6(2)
5.6(1.4)
5.86(6)
6.92(10)

922,pla
0.961(10)
1.4(2)
16.9(4)
0.555(6)
1.320(13)
1.45(14)
3.03(3)
10(5)
29.5(7)
7.5(2)
<0.2
7.2(6)
37.3(9)
746(11)
122(7)

0.440(14)
1.471(19)
401(10)
20.00(20)
39.4(4)
15.0(1.4)
3.10(3)
0.372(8)
0.382(10)
1.321(19)
0.188(4)
3.51(5)
0.59(2)
<1.2
27.0(1.2)
8.47(8)
5.16(10)

883.p1b
0.723(7)
1.3(2)

24.8(4)

0.722(7)
1.672(17)
5.47(16)
1.757(18)

<20

7.0(2)
<0.4
14.4(1.1)
45.5(9)

572(11)
67(7)

0.692(16)
1.84(2)
189(6)
11.49(11)
21.3(2)
8.4(1.1)
1.660(19)
0.224(6)
0.207(7)
0.782(13)
0.119(3)
2.21(3)
0.386(14)
1.6(3)
4.7(1.4)
5.50(6)
7.08(12)

922,p1b

0.808(8)
1.06(19)
19.4(4)
0.691(7)
1.403(14)
1.81(18)
2.69(3)
15(5)

8.0(2)
<0.3
7.7(7)
31.8(9)
836(12)
117(7)

0.433(15)
1.42(2)
451(11)
20.6(2)
37.6(4)
16.3(1.8)
3.16(3)
0.397(9)
0.391(11)
1.30(2)
0.197(5)
3.45(5)

4.13(10)

901,pla

0.931(9)
<04
27.5(4)

0.0308(5)

0.1163(12)

0.29(6)

0.563(6)
10.0(1.6)

2.50(19)
12.61(19)

0.29(5)
28.4(1.7)

4.7(3)

1042(12)
<7

0.169(5)
0.283(5)
26(2)
1.060(13)
2.05(5)
1.0(4)
0.200(8)
0.0147(13)
0.031(3)
0.153(6)
0.0255(12)
0.119(8)
0.055(3)
1.33(19)
7.2(8)
0.599(8)
2.44(4)

901.pib

0.927(9)

<0.5

27.8(5)
0.0311(5)
0.1236(12)
0.64(8)
0.539(7)
7.4(1.6)
2.7(2)

0
0.308(6)
23(3)
1
2
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