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Abstract 

Depositional and Diagenetic Processes in the Formation of the Eocene 

 Jackson Group Bentonites, Gonzales County, Texas 

 

Michael Nicholas Michaelides, MS.Geo.Sci. 

The University of Texas at Austin, 2011 

 

Supervisor:  J. Richard Kyle 

 
Bentonite clays are exposed in Paleogene strata stretching over 650 km parallel to 

the Texas coastline.  This study focuses on a white and blue and a yellow and brown 

commercial Ca-montmorillonite bentonite near the city of Gonzales, Gonzales county, 

Texas.  The deposits have stratigraphic ages of Late Eocene (~36.7 - 32.7 Ma).  The 

bentonites in these deposits have varying colors, purities and brightness affording them 

diverse industrial uses.  The distribution and geologic character of the high purity white 

and blue bentonite suggests that the deposit represents an accumulation of volcanic ash in 

a secondary tidal channel during the ash-fall event.  A low rate of terrigenous clastic 

sedimentation and rapid accumulation of fresh ash were critical to the formation of high 

purity clay.  The lower purity yellow and brown bentonites appear to have a fluvial origin 

marked by higher rates of detrital sedimentation and episodic accumulation of clay and 

ash. 

 The bentonite and associated strata were studied using optical microscopy, SEM, 

XRD and REE analyses to constrain their textural, mineralogic, and chemical character. 
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Eocene pyroclastic volcanism is well documented from sources in southwestern North 

America, specifically in the Sierra Madre Occidental (Mexico), Trans-Pecos (Texas) and 

Mogollan-Datil (New Mexico) volcanic fields.  Projected Eocene wind patterns support 

this region as a potential source for the Gonzales bentonites.  A comparison of the trace 

and REE fingerprints of the white and blue bentonites and the yellow and brown 

bentonites with data available for Late Eocene volcanics in the North American Volcanic 

Database provides a couple of potential matches.  The strongest potential match for the 

Late Eocene bentonite protolith is described as a sample of silicic tuff with an age range 

of 32.2 – 30.6 Ma, located in the southern Mexican state of Oaxaca.  While the trace and 

REE match is strong, the tuff is somewhat young compared to the Jackson Group 

sediments.  In addition, the sample location is due almost directly south of the Gonzales 

deposits, rather than the western location expected for a Gonzales bentonite source.  The 

other potential matches are located in New Mexico, and the Mexican state of Chihuahua.  

These potential matches only have 6 REE available for comparison, and require further 

investigation.  Many Paleogene volcanic units in southern North America are 

undocumented with regard to REE data or precise absolute ages.  As additional 

geochemical analyses become available for a more extensive suite of Paleogene volcanic 

units, stronger matches with Gulf of Mexico Basin bentonites are expected to emerge.  
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CHAPTER 1: INTRODUCTION 

 

Bentonite clays are an important natural resource with a wide range of uses.  The 

mining of bentonite generates approximately $240 million of the $1.8 billion clay mining 

industry in the United States.  Bentonite is used for manufacturing paper, paint, inks, 

dyes, filters and consumer care products.  In addition, bentonite is a main component of 

drilling mud, industrial greases, firing clay and nano-composite materials (USGS 2008). 

Bentonites consist predominantly of montmorillonite with varying amounts of 

illite and kaolinite.  The two main varieties are sodium (Na) and calcium (Ca) 

montmorillonite (Na,Ca)(Al,Mg)6(Si4O10)3(OH)6-nH2O.  As the end use of a bentonite 

clay is determined by its chemistry and physical properties, bentonites are then further 

subdivided for industrial applications according to brightness, color, purity and ease of 

disaggregation.  

The bentonite deposits near Gonzales, Texas, are exclusively Ca montmorillonite 

and are used as components of consumer care products, paper, paints, ceramics binders 

and nano-composite materials (Moll 2001).  These diverse uses are possible in part 

because the local deposits contain clays with distinct colors, purities and brightness.  The 

clay properties vary both stratigraphically and laterally within and between deposits, 

resulting in portions of the mined bentonite from each deposit being suitable for distinct 

industrial products.  Of particular commercial interest are the rare blue and extremely 

white Late Eocene bentonites (Chen 1968), which are unique among the Gonzales 

deposits.  These bentonites range in value from ~$400-$2500/ton and ~$400-$800/ton 

respectively, compared to the ~$400-$500/ton range of the more common yellow and 

brown bentonites (Charlie Smith, SCP, 2010 pers. commun).  Considering that the 

Gonzales bentonites are within 40 km of each other, within 5 km of a paleo-shoreline and 
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predominantly Ca-montmorillonite, it is unusual that the deposits consist of a range of 

distinct bentonites of varying colors, characteristics and compositions.  

Bentonite deposits are common in the Gulf Coast region of Texas.  The Eocene 

deposits in particular are exposed in a fairway stretching over 650 km parallel to the 

coastline (Roberson 1964).  The two study areas in this investigation are near the town of 

Gonzales, in Gonzales County in southeast Texas.  The study area ~3 km south of 

Gonzales, is the Clarke/Kennard deposit, containing white and blue bentonites.  The 

study area ~30 km northeast of Gonzales, is the Miller/McRorey deposit, containing 

yellow and brown bentonites.  Knowledge of the brown and yellow bentonite distribution 

is limited to rare outcrops, exploration boreholes, and historic and active mines on a 

number of properties.  The commercial bentonite bodies are generally elongate, with a 

NE/SW orientation, parallel to the paleo-shoreline (Figure 1).   

The occurrence of bright white bentonite is extremely rare compared to other 

bentonites (Moll 2001).  It is unknown whether the white bentonite is a result of unusual 

diagenetic processes, unusual depositional environment or a particular protolith 

chemistry.  Chen (1968) proposed that the Gonzales white bentonites are the result of 

volcanic ash landing in a restricted lagoon and altering in situ.  Chen (1968) also 

speculated that overlying ash layers are derived from different sources than those of the 

bentonites, or are composed of a larger size ash fraction, as they failed to alter to 

bentonite.  Moll (2001) however presented the argument that regional cross cutting 

fractures introduced brines to the deposited ash, driving the alteration to bentonite in the 

area; thus the different bentonites are products of different brine chemistries which did 

not come in contact with the remaining ash.  The mechanism by which the overlying ash 

escapes alteration is not addressed.   

The original source volcanics for this deposit are also disputed.  MacNeil (1966) 

claimed that Rocky Mountains volcanics are responsible for the material that formed the 

Texas bentonites.  Alternatively, Bailey (1924), among others, suggested that the 
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extensive Tertiary volcanic activity in the Big Bend/Davis Mountains area of West Texas 

is the source of the Texas bentonites.  As the ages of the host rocks of the Gonzales 

bentonites are predominantly stratigraphic, absolute ages of the deposits are unknown. 

  This investigation examined the origins of the stratigraphic units in this region to 

better understand the distribution and ages of the bentonite deposits.  Each investigated 

deposit has an overlying ash, providing both an altered and potentially original 

composition.  The environment of deposition is expected to be at least partially 

responsible for the characteristics of the clays, but the contribution of the ash chemistry is 

unknown (Christidis, 2008).  If the ash beds (and underlying bentonites) are all derived 

from the same source, the environment of deposition becomes the central factor in the 

formation of the Gonzales bentonites.  If the ash beds are not related, or are distantly 

related, the chemistry of the protolith could provide additional information to the 

formation of bentonite bodies (Figure 2).   

With a better understanding of the ages and likely distributions of the Gonzales 

bentonites, future exploration programs may to be tailored to specific regions of the 

bentonite fairway or even formations/facies likely to contain clays with desired 

characteristics.   
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OBJECTIVE 

 This study examines a commercial white/blue bentonite and a yellow/brown 

bentonite, the Clarke/Kennard and Miller/McRorey deposits, respectively, attempting to 

improve our understanding of original depositional factors and diagenetic alteration 

processes involved in the formation of commercial bentonite (Figure 2).  Specifically, the 

objective is to utilize petrographic and textural evidence and established Rare Earth 

Element (REE) methodologies as indicators of depositional environment, diagenetic 

history and original ash composition.  This approach attempts to correlate between the 

composition of the overlying ash beds and bentonites and/or the environment of 

deposition. In addition, the identification of a volcanic source or sources may allow 

future researchers to investigate the influence of protolith chemistry on the properties of 

the bentonite. 
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Figure 1.  Geological map of study areas. 
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Figure 2.  Influence of source and or depositional environment.  
The principal variables assessed in this investigation are ash composition and 
environment of deposition and diagenesis.  The scenarios above outline the possible 
combinations. 
(I) Clay type is not dependent on ash chemistry or environment.  
(II) Clay type is dependent on environment.  
(III) Clay type is dependent on ash type.  
(IV) Clay type is dependent on ash type and/or environment. 
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CHAPTER 2: BACKGROUND 

GEOLOGY 

REGIONAL 

 

The uplift of what are now the Rocky Mountains, in the western United States 

during the Late Mesozoic Laramide Orogeny, had a profound effect on the Gulf of 

Mexico Basin in the Early Cenozoic.  The uplift and associated drainages provided a vast 

sediment supply; feeding large deltas on the shelf, burying the shallow Texas seaway and 

prograding the coastline (Owen 1962).  Average temperatures rose throughout the Early 

Cenozoic until the Paleocene-Eocene Thermal Maximum (PETM), marking the 

beginning of the Eocene (Zachos et al., 2001).  By the Oligocene, global temperatures 

had declined sufficiently to allow the formation of ice sheets at the poles, which lowered 

eustatic sea level significantly (Zachos et al., 2001).  Falling sea levels in the Mid-Late 

Palaeogene resulted in shoreline positions that are interpreted to be at or near the 

similarly aged present outcrops (Figure 3). Younger shoreline positions are expected at 

depth (Wilson 1968), having been buried by later sediments. 

  Throughout the Tertiary, continuous marine and fluvial sedimentary aggradation 

and progradation, coupled with eustatic changes in sea level resulted in transgressive and 

regressive sedimentary structures.  In particular, transgressive events are marked by 

fining upward sequences and regressive events are marked by cut and fill structures 

incising into the coastal-plain muds and sands (Davidoff and Yancey, 1993).  Numerous 

ash falls from explosive Trans-Pecos arc magmatism in West Texas contributed 

tuffaceous sediments to the Gulf coast throughout much of the Eocene through the 

Miocene (Befus et al., 2009).  The Gonzales bentonites are among the oldest major 

volcanic contributions to the Gulf of Mexico Paleogene stratigraphy.   
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The Eocene in Texas has been well documented by Fisher et al. (1970), Eargle 

(1972), Fisher and Land (1986), Land et al. (1987), Lehman (1991), McBride et al. 

(1991), Salvador (1991), Davidoff and Yancey (1993), Raymond et al. (1997), Yancey 

(1997), Jiang (1997) and Yang (1999) among others.  Figure 4 shows the current relative 

ages and divisions of the Tertiary Gulf coast sediments in Southeast Texas.  The Late 

Eocene Jackson Group extends from the top of the Yegua Formation to the base of the 

Oligocene Catahoula Formation.  The ages of the Jackson Group Formations are 

currently inferred stratigraphically.  Duex (1970) determined an absolute K/Ar age range 

of the overlying Early Oligocene Catahoula Formation of 34.6-50.5 Ma.  Yancey (1995) 

reported the Ar/Ar absolute age of an ash within the Manning Formation as 34.52 ± 0.19 

Ma.  As the Manning Formation is stratigraphically older than the Catahoula Formation, 

current absolute ages are currently not precise enough to determine absolute age from 

stratigraphic position. 

To the east of Gonzales, the Jackson Group was deposited by the Fayette fluvial 

deltaic system, which comprises fluvial facies in the Whitsett Formation, delta-plain 

facies in the Manning Formation and delta-front facies in the Wellborn Formation (Fisher 

et al., 1970).  The fluvial facies is characterized by gray to yellow-brown, fine- to 

medium-grained sands and carbonaceous laminated muds.  The fluvial facies contains ash 

and tuff beds and clay clasts in places.  The depositional environment of the fluvial facies 

is that of a meander belt, consisting of highly sinuous stream and overbank deposits 

(Fisher et al., 1970).  The delta-plain facies is characterized by discontinuous alternating 

fine grained sands and carbonaceous laminated muds.  In contrast to the fluvial facies, the 

delta plain facies is mud dominated.  The thicker sands are channel sands, while thinner 

sands are interpreted to be levee deposits and crevasse splays.  The delta-front facies is 

dominated by moderate to well sorted sands and silts.  Lignite deposits of varying 
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thicknesses and the occurrence of wood fragments in the delta-front facies are also 

common.   

To the west of the border of Gonzalez and Fayette counties the dominant 

depositional system transitions to that of a strandplain-barrier system.  The sediment 

source remains the Fayette delta, but the primary mode of sediment transport was marine 

longshore drift.  The strandplain-barrier system is characterized by NE-striking sandbars 

that grade to the lagoonal-coastal plain to the west and the Shelf system to the southeast 

(Figure 5) (Fisher et al., 1970).  The Wellborn sandstone in Gonzales County is closer in 

character to the strandplain-barrier system than the eastern deltaic system.   The sands are 

commonly tuffaceous in the strandplain-barrier system and contain in situ and transported 

silicified palm wood.  Bifurcating, vertical to horizontal burrows, attributed to the mud 

shrimp Callinassa, are also common within the sands (Fisher et al. 1970).   

The mineralogy and petrology of the commercial bentonite deposits in Gonzales 

County, Texas, are well described by Chen (1968), Roberson (1964) and Hagner (1939); 

however their origin is poorly understood.  Chen (1968) proposed that the Late Eocene 

Jackson Group bentonites originate from a minimum of two ash falls with distinct 

chemical compositions.  His rationale was based on the varying abundance of iron in the 

bentonites, which he attributed to the original composition of the ashes.  Chen (1968) also 

speculated that the ash beds above the bentonites may not have altered because they had a 

different composition from the altered ashes (bentonite).   

The current positions of the Late Eocene Jackson Group outcrops are interpreted 

to be at the paleo-shoreline (Wilson 1968).  Sediment accumulation in onshore deltaic 

environments is progradational towards the ocean rather than the vertical accumulation 

experienced by the shelf and deep basin (Prothero and Schwab, 1999).  Rocks of different 

ages and facies may be exposed at the surface synchronously, as younger sediments are 

not actively deposited onshore unless a regional transgressive event takes place.  
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Continuous bentonite deposits can be traced across litho-stratigraphic boundaries (Chen 

1968), implying that deposit ages cannot be inferred reliably from underlying sediments. 

 

REGIONAL IGNEOUS 

 

Late Eocene high altitude (~12 km) winds are expected to have generally trended 

eastward (Yang, 2007, Pers. Comm) (Figure 6) making the Mid-Cenozoic volcanics to 

the west a possible source region for the Gonzales bentonites.  These volcanics extend 

from western Mexico’s Sierra Madre Occidental (SMO) through the Trans-Pecos 

Volcanic Province (TPVP) in west Texas and into the Mogollan-Datil Volcanic Field 

(MDVF) in New Mexico (Cameron et. al., 1980) (Figure 7).  These volcanic fields are 

thought to have been part of a single large magmatic province (McIntosh 1991; 

McDowell et. al., 1999) that had active ignimbrites from about 36 – 20 Ma (McDowell 

and Clabaugh 1979; Wark et. al., 1990; McIntosh 1991).  The SMO alone is estimated to 

comprise up to 350 ignimbrite related calderas (Swanson and McDowell, 1984) while the 

MDFV contains approximately 30 ignimbrite sheets from known and unknown calderas 

(McIntosh 1991).  The TPVP had large caldera systems in the Davis, Sierra Vieja and 

Van Horn Mountains which erupted significant volumes of felsic magmas between 39 

and 35 Ma (Henry et al., 1988; Henry and Price, 1986; Parker and McDowell, 1979). 

These types of systems are thought to be capable of producing the explosive 

plinian eruptions considered necessary for significant distal ash-fall deposits (Huang 

1980; Sparks et al., 1997).  White (2006), among others, proposed that magmatism older 

than 36 Ma was derived from a continental volcanic arc setting.  Passive rifting-related 

magmatism between 35 and 32 Ma occurred chiefly in the southern region of the TPVP 

in the Chinati Mountains and Big Bend National Park areas (Urbanczyk et. al., 2001).  

The ~36 to 32 Ma stratigraphic ages of the Gonzales bentonites coincide with large 
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volume silicic magmatism in all the aforementioned volcanic fields (McIntosh 1991; 

McDowell et. al. 1999; Swanson et. al., 2006) 

 

LOCAL 

 

The Gonzales bentonites occur in the Late Eocene Jackson Group and the 

Oligocene Catahoula Formation as described by Chen (1968).  The Jackson Group is 

considered to be Priabonian in age, spanning between 36.7 ± 0.1 Ma and 32.7 ± 0.1 Ma 

(ICS 2010; Galloway et al., 2011).  The Gonzales bentonites studied in this investigation 

occur in the lower Jackson Group ~34 Ma.  In order from oldest to youngest, the Jackson 

Group is subdivided into the Caddell, Wellborn, Manning, and Whitsett Formations 

(Figure 4).  The Caddell is characterized by abundant glauconite-rich shales and 

fossiliferous, gray to tan, sandy clays interbedded with bentonite.  The bentonites found 

in the Caddell are commonly gray to tan.  The Caddell sands and muds are interpreted to 

be the result of a significant marine flooding event (Yancey 1995b).  The deposit mined 

on the Miller and McRorey properties, located ~30 km north of Gonzales was interpreted 

by Chen (1968) to be in the Upper ‘Caddell Formation?’, as he could not definitively 

correlate the underlying fine sandstone.  The Caddell bentonite deposits are thought to 

have been deposited in a shallow marine (Yancey 1995a) or lacustrine environment 

(Roberson 1964), both of which are consistent with a strandplain-barrier system.  The 

Wellborn Formation in Gonzales County is characterized by a well-cemented, fine-

grained, gray marine sandstone.  Chen (1968) placed the bentonite deposit mined on the 

Clarke and Kennard properties in the Upper Wellborn/Lower Manning Formations by 

identifying the underlying sandstone as being part of the Wellborn.  The Manning 

Formation consists of numerous beds of sandstone, mudstone, volcanic ash and bentonite.  

The Manning Fm. also contains both tan/gray and hard white varieties of bentonite that 

locally have radial calcite concretions at the base.  Unlike the Caddell and Wellborn 
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Formations, the Manning Fm. is interpreted to be of terrigenous origin, though its 

character changes regionally between outcrop locations (Yancey 1995a).  The Whitsett 

Formation is composed of two distinct sandstones separated by tuffaceous volcanic ash 

and bentonite beds.  The Whitsett bentonites closely resemble the Caddell bentonites in 

appearance (Chen 1968), though they were not evaluated in this study.  Abundant marine 

fossils indicate that the Whitsett beds were deposited in a shallow marine environment.  

The overlying Oligocene Catahoula Formation is comprised of sandstones, siltstones, 

mudstones, bentonite and volcanic ash and tuff.  The depositional environment of these 

gray to greenish-yellow (not investigated) bentonites is considered to be lagoonal and 

deltaic (Yancey 1995a). 
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FIELD OBSERVATIONS 

CLARKE2/KENNARD DEPOSIT. 

 

The NE trend and sinuous morphologies of the Clarke/Kennard white and blue 

bentonite deposits are consistent with a secondary tidal channel or lagoon (Hamilton 

1995) (Figure 8).  The area of the Kennard pit from which samples were collected had a 

thickness of 2 m as measured from the underlying fine-grained quartz sandstone to the 

top of the ash (Figure 9).  The deposit can be divided into three distinct lithologies; a 

basal clay zone, middle mixed zone and a top or uppermost ash zone (Figure 10).  All 

three zones are crosscut by fractures with no appreciable displacement, and mineralized 

with iron and manganese oxides (Chen 1968).  Discoloration about 1 cm thick can be 

observed on either side of the fractures.  There are thin (~0.5 cm) dark colored clay bands 

between the discolored clay and the unaffected clay.   

The clay zone is characterized by high purity soft and hard ‘waxy’ blue bentonite.  

The soft bentonite has a texture similar to kaolinite, whereas the hard bentonite resembles 

candle wax.  The hard bentonite is sandwiched between an upper (~15 cm) and a lower 

(~20 cm) soft bentonite.  The hard blue bentonite is massive and generally featureless 

(Figure 11A), whereas the soft blue bentonite appears to contain very fine ‘laminae’ 

(<0.1 mm) of hard blue bentonite (Figure 11B).  When dry, the soft bentonite becomes 

appreciably more friable and splits easily along the hard/soft laminae.  The hard bentonite 

becomes more brittle, but not friable, when dry and neither clay was gritty when chewed, 

a field test indicating an absence of non-clay-sized material. Dark root casts exist in the 

clay zone and plant debris is present in the underlying fine-grained sandstone (Figure 12).  

The high purity of the clays and the fine-grained nature of the underlying sandstone at the 

base of the Kennard deposit are indicative of a low energy environment with a slow rate 

of deposition.   
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The lower mixed zone is predominantly a soft blue bentonite (~90% clay) matrix 

with dispersed laminae (~1-2 cm) of hard blue bentonite (Figure 11C) near the base.  The 

middle of the mixed zone (Figure 11D) is characterized by ash lenses 2 to 5 cm thick in a 

mixed clay-ash matrix (~50% clay).  The laminae and ash lenses suggest that the 

alteration process experienced by the lower mixed zone is different from that experienced 

by the hard and soft blue bentonites.   

From the middle to the top of the mixed zone, iron oxide staining from pyrite 

nodules (~0.5-1 cm across) is common (10-20% of the mine face) in ash-rich material.  

The presence of pyrite can be attributed to the anoxic degradation of organic matter 

indicating fast rates of organic sedimentation and or slow rates of oxygen diffusion into 

the subsurface (Fisher and Hudson, 1985).  Organic material and burrows in the middle 

and upper mixed zones (Figure 11E) are an indication of deposition in the shallow neritic 

to littoral zone (Weimer and Hoyt, 1964).  Relatively pure clay clasts, which are 

characteristic of secondary (reworked) bentonite, (Chen 1968) can also be observed 

locally in the upper mixed zone.   

The ash zone is composed of relatively pure white ash with obvious roots, organic 

material and bio-laminae throughout.  Patches of ash are stained yellow, particularly in 

close proximity to fracture planes (Figure 11F).  The zone has no appreciable clay 

content in hand specimen, and is exceedingly friable in both wet and dry states.  

The Clarke white bentonites have characteristics similar to the hard and soft blue 

bentonite in the Kennard pit with the exception of color.  The clays have a high degree of 

purity with no observable organic content.  The ash has no appreciable clay component 

and contains evidence of organic material and burrows.  The Clarke ash differs markedly 

from the Kennard ash in that iron oxide staining is rare outside of fractures.  The lack of 

pyrite in the Clarke pit suggests that it was either subject to oxidizing alteration 

conditions, or oxidized after deposition.  The proximity of the Clarke and Kennard pits 
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precludes the lack of pyrite in the Clarke from being attributed to environmental 

availability of Fe. 

 

MILLER/MCROREY DEPOSIT. 

 

The Miller/McRorey deposit can be divided into three distinct lithologies; from 

bottom to top; yellow bentonite, brown bentonite and an overlying ash.  Root structures 

or burrows are common throughout the deposit, though less concentrated with depth.  As 

in the Clarke/Kennard deposit, manganese oxide filled fractures (Chen 1968) encased in 

‘leached’ zones cut across the entire deposit.  Modern root systems appear to have 

penetrated the fractures but not the massive clay (Figure 13).  The modern root systems 

are the result of significantly larger trees over the Miller/McRorey deposit than were 

observed over the Clarke/Kennard deposit. 

The yellow clay zone is a 0.5 m thick, light and dark laminated yellow ‘waxy’ 

bentonite of moderately high purity, overlying a fine-grained gray sandstone (Figure 

14A).  Small dispersed yellow to brown laminae, burrows and thin lenses of fine sand ~1 

cm thick are present intermittently throughout the yellow clay (Figure 14B).  Isolated 

manganese oxides can also be found ‘suspended’ in the bentonite.  There is little 

evidence of organic content in the yellow clay zone.  The fine-grained gray sandstone at 

the base of the Miller/McRorey deposit suggests a low energy environment, similar to 

that of the Clarke/Kennard deposit.  However, the presence of fine sand lenses is 

indicative of a higher rate of sedimentary deposition than in the Clarke/Kennard. 

The brown clay zone is a 0.6 m thick, light and dark laminated, brown bentonite, 

also of varying purity.  Brown ash and sand laminae and lenses (~2 cm thick), burrows 

and organic material are common throughout.  Large (2-5 cm), dispersed, non-laminated 

clasts of dark yellow clay (Figure 14C) and ‘suspended’ metal oxide inclusions are also 

present in the brown clay zone (Figure 14D).  Yellow clay rip-up clasts and abundant 
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sand lenses and organic material suggest that the brown clay is secondary bentonite 

(Chen 1968).  The energy of deposition of the brown clay zone appears to be higher than 

that of the yellow clay zone. 

The top ash zone is a friable brown ash, similar in appearance and character to 

siltstone, with low overall organic and clay content.  The ash contains visible mica and 

what appear to be sedimentary laminae that are bioturbated in places.  Oxide staining, 

root structures, burrows and thin modern roots are distributed throughout the ash (Figure 

14E).  The ash zone grades into the overlying silty mudstone (Figure 14F), indicating that 

mud and silt may have been deposited over and filtered into the ash. 
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FORMATION OF BENTONITE 

ALTERATION OF VOLCANIC GLASS 

 

It is accepted that bentonites form as the result of the alteration of volcanic glass 

to clays such as montmorillonite.  The exact mechanism is under debate, but the two most 

likely means are through precipitation of montmorillonite onto the surface of the glass 

and rearrangement of elements within the glass (Fiore et al. 2001).  Fiore et al. (2001) 

postulated that small glass grains crystallize to montmorillonite by ‘rearrangement of 

micro-domains within the glass’, whereas large glass grains induce precipitation of 

montmorillonite onto receptor sites as elements are leached from the glass.   

Hauser and Reynolds (1939) note that the alteration from glass to montmorillonite 

involves a net loss of close to 50% of the Si into solution and occurs in both acidic and 

basic solutions when using excess Mg.  Berger et al. (1987) determined that clay 

crystallization occurs at the rim of altering glass within a silica gel micro-domain 

generated by the hydration and hydrolysis of glass.  Hauser and Reynolds (1939), Harder 

(1972) and Fiore et al. (2001) propose that hydrolysis allows for sufficient rearrangement 

of the relatively immobile Al to form a framework around which the significantly more 

mobile Si is incorporated.  Figure 15 depicts the alteration of a glass shard to 

montmorillonite. 
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REQUIREMENTS FOR ALTERATION 

 

The formation of smectite occurs strictly in the presence of water as hydrolysis 

and hydration are intrinsic to the devitrification and alteration of glass (Fiore et al 2001).  

The presence of Mg in the altering fluid favors the formation of montmorillonite (over 

other smectites) from rhyolitic obsidian (Harder 1972).  Ddani et al. (2005) reported that 

Moroccan bentonites of the Gourougou massif have much higher concentrations of Mg 

than the associated protolith or the proximal hydrothermally altered perlites.  They 

concluded that alteration of glass by lagoonal, lacustrine or marine water provides 

sufficient Mg for the formation of bentonite.  Harder (1972) established that the 

necessary concentration of Mg is determined by the pH and temperature of the fluid.  At 

surface conditions, seawater with a pH of ~8 contains sufficient concentrations of Mg to 

allow smectite minerals (such as montmorillonite) to form by alteration of volcanic glass.  

Higher concentrations of Mg, higher temperature, and higher pH all favor 

montmorillonite as the alteration product.  Glass that is not immersed in water with 

sufficient Mg will simply not alter to montmorillonite (Harder 1972).  Furthermore, high 

rates of Si removal from the alteration system favor the generation of zeolites over 

smectites (Harder 1972).  It can therefore be inferred that warm marine water with low 

flow rates characterizes the ideal environment for bentonite formation. 

 

RATE OF ALTERATION 

 

Based on the analyses of sedimentary flame structures, Berry (1999) concluded 

that the rate of alteration of the primary Otay Waxy bentonites was on the order of hours 

to days.  Berry’s reasoning was that the flame structures resulted from soft sediment 

deformation during deposition.  He proposed that the intruding sediments could only 
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form flame structures before it altered to clay and after it became a cohesive unit, such as 

a gel.  Berry (1999) also noted that the rate of alteration is dependent on the size of glass 

shards, with small glass shards altering more rapidly than larger ones.  This phenomenon 

is supported by SEM analyses conducted by Fiore et al. (2001), who document 

montmorillonite ‘rinds’ forming around experimentally altered rhyolitic glass.  Techer et 

al. (2001) determined that the rate of alteration of basaltic glasses is at its highest 

initially.  The altering fluid (H2O) becomes progressively more basic as elements are 

dissolved out of the glass, at which point the alteration rate decreases by orders of 

magnitude.  The low permeability of a clay rind coupled with the generation of micro-

environments around the sealed glass is likely to stall the alteration process.   
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RARE EARTH AND TRACE ELEMENTS 

GENERAL BEHAVIOR 

 

Trace elements have been used by numerous researchers attempting to relate 

bentonites to their source magmas.  The trace elements most commonly used for 

bentonite petrogenesis are transition group metals.  The High Field Strength (HFS) 

elements (Zr, Hf and Ta) in particular are generally considered to be useful for 

petrogenesis because of their relatively low mobilities.  The Large Ion Lithophiles can be 

useful for petrogenesis, but are more mobile when fluid phases are involved (Winter 

2001).  Subsets of trace elements exhibit similar chemical behaviors, such that the ratios 

of these elements remain similar in both the weathered eruptive products and the source 

magmas.  In particular, the Rare Earth Elements (REE) are a subset of the trace elements 

and are generally considered to be highly immobile in weathering environments when 

hosted in stable mineral phases (Summa and Verosub, 1992).   

The REE form the Lanthanide series of elements in Group IIIA of the Periodic 

Table.  REE have an oxidation state of 3+ with the exception of Eu and Ce, which under 

certain conditions can have oxidation states of 2+ and 4+, respectively (Winter 2001).  

Because REE usually have the same oxidation state, they tend to exhibit similar chemical 

affinities.  In either a liquid state or in a solid state the REE should behave similarly.  

Fractionation (which by definition involves the loss or gain of certain REE relative to 

others) occurs during the transition from one state to another as REE are preferentially 

incorporated into mineral phases depending on their ionic radii.  Generally the smaller 

and heavier REE (HREE) are incorporated into minerals more readily than the larger and 

lighter REE (LREE).  Certain minerals also preferentially incorporate light, heavy or 

middle REE into their mineral structures.  In a simplistic sense, the greater compatibility 
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of the HREE implies that they have a slightly higher likelihood of becoming included in 

crystal lattices than LREE.  As a melt evolves through fractional crystallization the LREE 

tend to become marginally more concentrated in the liquid (Winter, 2001).  With multiple 

episodes of magma generation the relative concentrations of REE can change 

significantly from one region to another.  In addition, some REE have affinities for 

minerals which the other REE do not.  Europium, for example, is compatible with 

plagioclase under reducing conditions.  As plagioclase crystallizes, the melt fraction 

becomes relatively depleted with respect to Europium (Lipin and McKay 1989). 

The relative abundances of REE in a given amount of magma are in a constant 

state of flux until the magma cools.  Once fractionation ceases a characteristic REE 

fingerprint is created.  REE abundances can therefore be used to infer the various 

petrogenetic processes of the magma and whether nearby volcanoes are genetically 

related.  Volcanoes from the same volcanic field should have similar REE signatures if 

they are fed by magmas that have experienced similar fractionation processes.   

REE concentrations in a sample are typically ratioed to the REE concentrations 

found in chondritic meteorites.  Because chondritic meteorites represent the elemental 

composition of the undifferentiated or bulk earth, the chondrite normalized REE 

composition gives a measure of how evolved the sample is relative to the bulk earth.  The 

less evolved a melt is, the closer its REE concentrations are to chondrite (Henderson 

1996).  Felsic rocks tend to be enriched in REE as crustal recycling concentrates the 

incompatible elements in the melt.  As magmas intrude into host rocks, mixing occurs 

resulting in changing relative concentrations of REE in the magma and therefore slightly 

different REE patterns over time (Taylor 1988).  Closely related rocks display similar 

chondrite normalized REE patterns, the shapes of which can be used to infer tectonic 

origin (Winter, 2001).  
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AQUEOUS GEOCHEMISTRY 

 

As the alteration of glass to montmorillonite occurs exclusively in the presence of 

water, it is pertinent to note that all of the REE form complexes in aqueous solutions.  

The dominant ligands and the dissolution equilibriums are determined by temperature, 

pH and available anions (Brookins 1989).  In general the REE are more mobile under 

acidic conditions but tend to exhibit fixation on authigenic clays and hydrogenous 

surfaces (Brookins 1989).  The LREE are more easily removed from clays than the 

HREE under normal subaerial conditions.  Under both oxic and anoxic conditions the 

REE tend to behave similarly with the exception of Eu and Ce.  Under anoxic conditions 

Eu and, in particular, Ce (Ce[IV][III]) are significantly more mobile than the other 

REE; i.e. more Ce and Eu remains dissolved in the fluid (Brookins 1989).  The REE 

concentrations of marine and fresh waters range from 6 parts per trillion (PPT) to 80 

(PPT) respectively (Taylor and McLennan, 1988).  Such low concentrations are unlikely 

to measurably contribute REE to clay minerals during alteration.  This implies that 

relative to the source magma the REE fingerprint of a bentonite is more likely to be 

depleted rather than enriched. 

 

FRACTIONATION AND MIGRATION 

 

Fractionation of REE in bentonite during post-alteration diagenesis is 

undocumented.  However, clay researchers (Nesbitt 1979; Christidis 1998a; Dos 

Muchangos 2005; Ddani et al. 2005; Galan et al. 2007) have found that REE can 

fractionate significantly during the hydrothermal or diagenetic alteration of volcanic glass 

to bentonite.  Nesbitt (1979) established that the in situ alteration of granitoids to 

kaolinite can greatly enrich the concentrations of REE (particularly HREE) in the clays 
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compared to the protolith.  Dos Muchangos (2005) observed the depletion of HREE and 

enrichment of LREE in the alteration profile of a rhyolite associated Ca-bentonite in 

Mozambique.  This author proposed that REE fractionation is inherent to the process of 

diagenetic alteration and is dependant on the pH of the environment.  In addition to the 

loss of Si from the glass, major, trace and rare earth elements are leached from the 

remaining glass at rates controlled by concentration, surface area and an element specific 

‘release rate’ (Fiore 1999).  Similarly, by analyzing an alteration profile, Christidis 

(1998a) documented a strong positive correlation between REE fractionation and the 

degree of alteration from glass to bentonites on Milos Island, Greece.  As such, the 

alteration of obsidian to bentonite should result in REE concentrations that are enriched 

in clays and potentially depleted in glasses that have been attacked by the altering fluid.  

Ddani et al. (2005) noted that pristine unaltered glass shards found within a bentonite in 

Morocco have a REE composition similar to the source rock.  These studies support that 

an unaltered ash bed can have the same REE signature as the bulk rhyolite extruded 

during the same eruption.  Thus with proper sampling techniques it is feasible to match 

the relative REE abundances of a volcanic ash to its volcanic source with a high degree of 

confidence provided that the ash is ‘fresh’.   

As previously mentioned, in water-rich weathering environments, Si in volcanic 

glass is highly mobile with respect to most of the other rock-forming elements.  The 

preferential removal of Si further complicates matters by concentrating all of the other 

elements, including trace and REE, as a function of weight percent (Fiore 1999).  

Samples can appear to have either elevated REE concentrations depending on how much 

Si has been removed from the system.  Relating clay samples based solely on REE 

concentrations is unreliable since the elements can be diluted or enriched depending on 

the degree of alteration, regardless of fractionation.  However, aside from fractionation 

during alteration, relative REE concentrations (or REE ratios) should not change 

significantly regardless of changes in absolute concentration.  For this reason REE ratios 
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are expected to be more useful to match or correlate volcanic deposits and their alteration 

products, whereas absolute REE concentrations can be used as a proxy for characterizing 

the degree and nature of the alteration.  
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(Wilson, 1968)

Figure 3.  Regional geologic map. 
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Figure 4.  Stratigraphic column of study area. 
Stratigraphic column of the Jackson Group in Gonzales County Texas constructed from Davidoff and 
Yancey (1993), Galloway et al., (2000) and Chen (1968). 
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Figure 5.  Regional depositional environment. 
Jackson Group depositional systems and sand thickness from well and outcrop data.  The red line shows 
approximate transition between primary deltaic system and longshore drift dominated, strandplain-barrier 
system.  The red circle shows approximate study area. 

After (Fisher et al. 1970) from Galloway et al. (1983) 
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Figure 6. Expected Late Eocene wind patterns. 
Modern wind patterns at 200hPa, approximately 12 km above sea level are expected to be similar to 
Eocene wind patterns (Dr. Zong-Liang Yang, Univ. of Tx at Austin, per. Com.) 
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Figure 7. Preserved Mid-Cenozoic volcanics of southwestern North America 
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Figure 8. Map of bentonite deposits near Gonzales. 
Numerous bentonite deposits are located in the Gonzales area.  The Clarke/Kennard deposit (6,7,8) has a 
sinuous NE trend  parallel to the paleo-shoreline.  The shape and extents of the Miller/McRorey (2, under 
Quarternary alluvium) are less obvious.  Geologic units are as shown on Figures 1 and 4. 
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Figure 9.  Diagram of Clarke/Kennard deposit. 
Diagram of the Kennard deposit, constructed according to personal communications with Thomas Serenko 
and Charlie Smith of Southern Clay Products Inc. 
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Modern surface 

Figure 10.  Photo of Clarke/Kennard deposit. 
Photograph of the Kennard pit with sample heights above the Wellborn Sandstone. 
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Figure 11.  Clarke/Kennard lithology photos. 
Sample positions can be found in Fig. 10. (A) Hard blue, C-0.  (B)  Soft blue, C-1.  (C) Lower Mixed zone, 
C-2.  Arrow points to hard blue lamination.  (D)  Middle Mixed zone, ash lenses C-3.  Dark areas are 
organic material.  (E)  Upper Mixed zone, C-4.  Arrow points to iron oxide stain from weathering pyrite.  
Dark areas are organic material.  (F)  Ash, C-5.  Dark areas are organic material. 
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Figure 12.  Wellborn Sandstone photo. 
Photograph of the Wellborn Sandstone underlying the Kennard deposit.  Wood fragments (left side and top 
right) and leaves (center). 
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Figure 13.  Miller/McRorey deposit diagram. 
Diagram of the Miller/McRorey deposit constructed according to personal communications with Thomas 
Serenko and Charlie Smith of Southern Clay Products Inc. 
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Figure 14.  Miller/McRorey hand samples. 
(A) Sandstone underlying the Miller/McRorey yellow clay.  (B) Yellow waxy (plastic) clay (dark yellow) 
and yellow light clay (light yellow).  (C) Yellow clay clasts at yellow/brown zone transition. (D) Laminated 
brown clay (E) McRorey Ash (F) McRorey Ash-mudstone.  (Coin diameter is 19 mm) 
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Figure 15.  Diagram of glass shard alteration. 
 (1). Water attacks the surface of a glass shard.  (2) Hydration allows more mobile 
elements to enter or exit the glass according to fluid chemistry. With sufficient Mg, a 
montmorillonite framework begins to form. (III) Glass alters to montmorillonite once the 
Al-Si framework is established and excess Si is removed. 
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CHAPTER 3: METHODS 

SAMPLE COLLECTION 

  During the summer of 2005, clay and ash samples were collected from the 

Clarke/Kennard white/blue bentonite deposits and the Miller/McRorey yellow/brown 

bentonite deposits.  The Clarke/Kennard clay was sampled at measured intervals above 

the basal Wellborn Sandstone, whereas active mining at the Miller/McRorey pit coupled 

with limited accessibility to the bentonite zones necessitated the collection of bulk 

samples with limited stratigraphic control.   

The active mine face was removed with a clean shovel, then scraped with a 

spatula and finally shaved with a razor-blade until only fresh uncontaminated material 

was exposed for sampling.  Samples for geochemical analysis were collected and placed 

directly into re-sealable zipper storage bags.  Larger scale (>15 cm) hand samples were 

removed from the exposed face and placed into large plastic sampling bags for 

photographing and for texture analysis.  Samples were labeled by location, apparent 

lithology, deposit name and date of collection. 

 

CLARKE/KENNARD DEPOSIT 

 

Samples of the Kennard pit were taken by rock type and named in order from clay 

to ash, starting with C-0 and ending with C-5.  C-1(2) is the same material (soft blue) as 

C-1, however it is at the base of the clay zone and was collected out of order, as it was 

obscured by deposit wall talus.  The clay zone is represented by samples C-0 (hard blue) 

and C-1/C-1[2] (soft blue).  Samples of the hard clay bordering the fracture zones were 

labeled C-0 dark and C-0 light.  The lower and upper mixed zones are represented by 
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samples C-2 and C-4 respectively.  An ash lens in the middle mixed zone is represented 

by sample C-3 and the overlying ash zone is represented by sample C-5 (Figure 10).  

Samples from the Clarke pit are limited to clay and ash samples without precise 

stratigraphic control.  Sample Cl2 Clay represents the hard white bentonite whereas 

sample Cl2 represents the soft white bentonite.  Sample Cl2A and Cl2 Ash represent the 

ash zone.  (Table 1) lists the Clarke/Kennard samples.  

 

MILLER/MCROREY DEPOSIT. 

 

Clay and ash samples from the Miller and McRorey pits were gathered from the 

middle of a backhoe bucket and broken into smaller clumps to remove the potentially 

contaminated outer surfaces.  In addition, the bentonite samples were limited mostly to 

‘mine grade’ as there was no practical way to gather the same range of samples as the 

Kennard pit.   

The yellow bentonite zone is represented by McYc and MiYc (Mi=Miller, 

Mc=McRorey), where dark yellow plastic or waxy clay is given ‘P’ as a suffix, and light 

yellow clay is given ‘L’ as a suffix.  The brown bentonite zone is represented by samples 

McBC and MiBC, and the overlying ash zone is represented by samples McA for the plain 

ash and McBA for the ‘mudstone’ ash.  (Table 2) lists the samples from the 

Miller/McRorey deposit.  
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SAMPLE PREPARATION 

 

In the lab, samples were cleaned of leached zones, fractures, burrows, oxides and 

organic material and split into two compositionally identical subsets.  One subset was 

labeled Raw and the other Settled.  The Raw subset should represent the whole rock or 

bulk sample, including ash, clay and mineral grains of volcanic and potentially 

sedimentary origin.  The Settled subset should be composed entirely of clay-sized 

material and potentially trace amounts of biological material.  The Raw subset was wet 

crushed in DI water, sieved and dried in a fume hood.  The Settled subset was soaked in 

DI water, disaggregated and dispersed with a sonicator and settled in 12 cm diameter, 1 

m tall glass columns.  Once the >2 micron fraction had settled out, the clay fraction was 

harvested via centrifugation.   

After sieving, each sample subset was split again into an XRD and an ICPMS 

fraction (Figure 16).  The settled samples were given the suffix ‘S’ to distinguish them 

from the whole rock samples. 

Samples were investigated using microscope smear slides analyses, 

Environmental Scanning Electron Microscopy (ESEM), X-Ray Diffraction (XRD), and 

Inductively Coupled Plasma Mass Spectrometry (ICPMS).   
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SMEAR SLIDES 

Microscope smear slide (oil immersion) analyses were used to better understand 

the mineral textures and assemblages of the samples to provide context to the XRD and 

ICPMS data.  Raw and Settled subsets of each sample were immersed in apochromatic 

oil on glass slides.  The slides were then visually characterized for general mineral 

composition and grain textures.  Sample composition was estimated and photographs 

were taken of key minerals and grains. 
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ESEM/SEM 

ESEM/SEM analyses were conducted on a Philips FEI XL30 environmental 

scanning electron microscope.  The ESEM/SEM analyses involved the acquisition of 

images and electron backscatter spectrographs.  Small fragments of hand-samples were 

selected for and carbon (ESEM) or gold coated (SEM).  The samples were analyzed for 

textural appearance and qualitative elemental composition.  Areas of interest were 

photographed and a corresponding spectrograph was generated.  
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X-RAY DIFFRACTION 

XRD analyses were conducted on a Siemens D500 using Cu k radiation, at a rate 

of 1 degree per minute, with an accelerating voltage of 45kV at 30mA.  The XRD 

samples were analyzed almost exclusively by dry random powder mounting, as the 

oriented samples inevitably curled and cracked while drying.  Varying amounts of 

powdered glass were mixed with Clarke white bentonite (considered the purest clay) to 

create standards for estimating the proportion of ash in each sample.  The proportion of 

glass powder in each standard is measured by dry weight.   
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ICPMS 

Trace element analyses were conducted on an Agilent 7500ce quadrupole 

inductively-coupled plasma mass spectrometer. The ICP-MS analysis derived absolute 

trace and REE concentrations.  The ICP-MS samples were digested in nitric and 

hydrofluoric acid, according to a ‘closed vessel digestion’ procedure by Lesher (2001) 

(See APPENDIX B) and analyzed for the entire suite of REE. 
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Figure 16.  Diagram of sample subsets. 
Each sample is split into 4 subsets for different analyses.  The Settled subsets should be relatively free of 
larger grains, while the Raw subsets should be compositionally identical to the bulk sample.  Comparison 
of the Raw and Settled subsets should give and indication of terrigenous clastic contamination. 
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Table 1.  Clarke/Kennard sample list. 

Sample: Deposit Pit Type 
C-0 Clarke/Kennard Kennard Hard Blue 
C-0 Dark (T4) Clarke/Kennard Kennard C-0 beside C-0 light  
C-0 Dark (T5) Clarke/Kennard Kennard C-0 beside C-0 light 
C-0 HB Clarke/Kennard Kennard Hard Blue  
C-0 HB rr3 Clarke/Kennard Kennard Hard Blue  
C-0 Light (S4) Clarke/Kennard Kennard C-0 beside fracture 
C-0 Light (S5) Clarke/Kennard Kennard C-0 beside fracture 
C-0R Clarke/Kennard Kennard Hard Blue  
C-0R(2) Clarke/Kennard Kennard Hard Blue  
C0-rerun (V4) Clarke/Kennard Kennard Hard Blue  
C0-rerun (V5) Clarke/Kennard Kennard Hard Blue  
C-1 Clarke/Kennard Kennard Soft Blue  
C-1 (s) Clarke/Kennard Kennard Soft Blue  
C-1(2) Clarke/Kennard Kennard Soft Blue  
C-2  b2 Clarke/Kennard Kennard Clay / Ash 
C-2 (s) Clarke/Kennard Kennard Clay / Ash 
C-2 (S)  b2 Clarke/Kennard Kennard Clay / Ash 
C-3  b2 Clarke/Kennard Kennard Ashy lens 
C-3 (S)  b2 Clarke/Kennard Kennard Ashy lens 
C-4  b2 Clarke/Kennard Kennard Ash / Clay 
C-4 (s) Clarke/Kennard Kennard Ash / Clay 
C-4 (S)  b2 Clarke/Kennard Kennard Ash / Clay 
C-5  b2 Clarke/Kennard Kennard Ash 
C-5 (S)  b2 Clarke/Kennard Kennard Ash 
Cl2 Clay(O4) Clarke/Kennard Clarke 2 Tan Clay (Hard White) 
Cl2 Clay(O5) Clarke/Kennard Clarke 2 Tan Clay (Hard White) 
Cl2A Clarke/Kennard Clarke 2 Ash 
Cl2A (P4) Clarke/Kennard Clarke 2 Ash 
Cl2A (P5) Clarke/Kennard Clarke 2 Ash 
Clarke2 Clarke/Kennard Clarke 2 Ash / Clay (Soft White) 

 

 

 

 

 

 46



Table 2.  Miller/McRorey sample list. 
 

Sample: Deposit 
Sample 
Pit Type 

McA Miller/McRorey McRorey Ash 
McBA (R4) Miller/McRorey McRorey Brown Ash 
McBA (R5) Miller/McRorey McRorey Brown ASH 
McBC (Q4) Miller/McRorey McRorey Brown Clay 
McBC (Q5) Miller/McRorey McRorey Brown Clay 
McY (L)(2) Miller/McRorey McRorey Light Yellow Clay 
McY(L) Miller/McRorey McRorey Light Yellow Clay 
McYc (P) Miller/McRorey McRorey Yellow Clay 
McYc (P) (S) Miller/McRorey McRorey Yellow Clay 
MiBC1 Miller/McRorey Miller Brown Clay 
MiBC1(2) Miller/McRorey Miller Brown Clay 
MiYc Miller/McRorey Miller Yellow Clay 
MiYc Miller/McRorey Miller Yellow Clay 
MiYc (U4) Miller/McRorey Miller Yellow Clay 
MiYc (U5) Miller/McRorey Miller Yellow Clay 
MiYc rr3 Miller/McRorey Miller Yellow Clay 
MiYc(2) Miller/McRorey Miller Yellow Clay 
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CHAPTER 4: RESULTS 

MICROSCOPE SMEAR SLIDE DATA 

 

Estimates of mineral composition (see Table 3) were obtained using standard 

petrographic techniques.  The main hard blue and white clay bodies (C-0) and (Clarke 

HW) in the Clarke/Kennard deposit are predominantly (~95%) clay (Figure 17A).  The 

few mineral grains (~5%) found in the samples are likely to be opaline-cristobalite with 

very few (~1%) quartz or feldspar grains (if any).  Partially altered, centric (Figure 17B) 

and pennate diatoms (Figure 17C) are present (~0.3%) among the clay particles.  The soft 

white and the soft blue clay, both above and below the hard blue clay, contain altered 

diatoms (~0.2%), small amounts of partially altered glass shards (~3%), and (~10%) very 

fine clastic sediments (feldspars, quartz, biotite, oxide minerals).  Soft white clay has a 

greater proportion of glass shards (~6%).   The mixed zone contains significantly more 

(~11-16%) non-clay minerals.  Sample C-2 contains mostly (~76%) clay, with diatoms 

(~0.1%), partially altered glass (~13%), pollens (~0.1%) and silt (~9%).  Samples C-

3&4&5 are predominantly composed of glass shards (~64-77%) with up to 11% clastic 

sediments (Figure 17D).  Glass shards in C-3 and C-4 are mostly vesicular (~60%) while 

shards in the ash zone (C-5) tend to have low, if any vesicularity.   

The yellow clay (MiYc and McYc Figure 18A and B) in the Miller/McRorey 

deposit has a mineral assemblage similar to that of the hard blue clay in the 

Clarke/Kennard deposit.  Biotite grains (~20 µm) are present (~1-2%) in the McRorey 

yellow clay (Figure 18B).  Other non-clay grains are glass shards (~2%) or extremely 

fine grained quartz or feldspar (~2%), with the some altered diatoms (~0.1%).  The 

brown clay (McBc) contains fine grained clastic sediments (~6%) and altered diatoms 

(~0.1%) and very few (~0.5%) partially altered glass shards (Figure 18C).  The ash 
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sample (McBA) contains partially altered glass shards (~10%), clay minerals (~42%), and 

fine grained clastic sediments (~16%) (Figure 18D).  Highly altered diatoms may also be 

present, though positive identification was not possible.  Unlike the Clarke/Kennard 

deposit, the glass shards do not change character towards the ash zone.   
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ESEM/SEM DATA 

CLARKE/KENNARD DEPOSIT 

 

The hard blue bentonite is massive, featureless (Figure 19A) and has an element 

composition consistent with Ca-montmorillonite (Figure 20A).  Small nodules (1-5 µm) 

encrusting the clay (Figure 19B) are predominantly Si and O (Figure 20B).  The soft blue 

bentonite is composed of small (5-10 µm) clay particle clusters (Figure 19C) that are 

poorer in Si (Figure 20C) than the hard blue bentonite.  The soft blue clay contains large 

bladed crystals (300 µm) (Figure 19D) composed of Ca, S and O that are likely to be 

gypsum (Figure 20D).  The lower mixed zone is similar in appearance to the soft blue 

bentonite though large gypsum crystals were absent.  The 20-60 µm montmorillonite 

plates resemble altered poorly stacked glass shards (Figure 19E) and have elemental 

compositions consistent with Ca-montmorillonite (Figure 20E).  The ash lens (sample C-

3) is composed of poorly stacked 20-40 µm glass shards (Figure 19F) with element 

compositions dominated by Na and K, as opposed to Mg and Ca in the clays (Figure 

20F). 

The Clarke hard white bentonite is massive, featureless (Figure 21A) and has an 

element composition very similar to the element composition of the hard blue bentonite 

(Figure 22A).  The hard white bentonite is also encrusted with nodules (~5 μm-0.1 μm) 

(Figure 21B) composed of Si and O (Figure 22B).  The soft white bentonite is similar in 

appearance (Figure 21C) and composition (Figure 22C) to the soft blue bentonite.  The 

Clarke ash is composed of poorly ordered (20-40 µm) glass shards (Figure 21D) with 

element compositions (Figure 22D) similar to the glass shards in the Kennard ash lens. 

Root casts in the Clarke soft white bentonite appear to be made of clay particles 

(Figure 21E) with compositions consistent with kaolinite (Figure 22E).  Root casts in the 
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Kennard clays resemble those in the Clarke clays (Figure 21F), however Na, K and 

possibly Fe and S (pyrite) are more evident (Figure 22F). 
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MILLER/MCROREY DEPOSIT 

 

The Miller/McRorey yellow ‘plastic’ (hard) bentonite is massive and featureless 

(Figure 23A) with an element composition (Figure 24A) richer in Fe than the 

Clarke/Kennard bentonites.  The ‘light’ (soft) yellow bentonite is formed of bladed clay 

particles (Figure 23B) with compositions (Figure 24B) similar to those of hard yellow 

bentonite.  The McRorey brown bentonite resembles a matrix of ‘bladed’ clays encasing 

clasts of massive clay (Figure 23C).  The compositions of the massive and bladed clays 

are similar and indicative of Fe rich Ca-montmorillonite (Figure 24C).  The Miller brown 

bentonite has a similar appearance (Figure 23D) and composition (Figure 24D) to the 

McRorey brown bentonite.  The McRorey ash resembles a clay matrix dominated by 

discrete glass shards (Figure 23E) which have compositions richer in Ca (Figure 24E) 

than the Clarke/Kennard glass shards.  Other common mineral grains the McRorey ash 

have appearances (Figure 23F) and element compositions consistent with alkali feldspar 

(Figure 24F).  Au peaks on some of the spectrographs are the result of gold coating for 

use in a standard SEM. 
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XRD DATA 

 

The dominant clay peaks occur fairly consistently between 5°2θ and 6.7°2θ with 

d-spacings of 14.9 to 15.2 Angstroms.  Opaline cristobalite (opal-CT) is common in the 

hard-clay rich samples with sharp high intensities around 21.8°2θ (4.14 Angstroms).  

These peak positions are well documented by Chen (1968).  The dominant rock 

component found in the samples are glass (numerous very low intensity peaks on a broad 

hump) and Ca-montmorillonite (broad or sharp peaks depending on sample orientation 

randomness at 5°2θ to 6.7°2θ).  The upper samples, in and closer to the ash zones, appear 

to contain minor amounts of quartz, feldspar and biotite, whereas the clay samples are 

relatively pure. 

Volcanic ash contains minerals such as quartz and feldspar, that are common in 

terrigenous clastic sediments.  X-Ray traces of the Raw and Settled subsets are compared 

to distinguish between mineral origins in the clay.  A sample containing sedimentary 

minerals is expected to have greater peak intensities in the Raw subset, reflecting the 

additional presence of relatively large mineral grains that were removed from the Settled 

subset.   

Clay-ash standards named by proportion of clay (90% = 90% clay, 10% glass 

powder by dry weight) are compared to each sample group in an attempt to estimate its 

clay-ash composition.  The hard white/tan bentonite mined in the Clarke 2 pit is used as 

the clay component of each standard.  Table 4 shows the relative peak intensities between 

minerals in the raw and settled subsets for each analyzed sample. 
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CLARKE/KENNARD DEPOSIT 

 

The Kennard hard bentonite has higher X-ray intensities for opal-CT and lower 

intensities for Ca-Montmorillonite than the Clarke white bentonite.  Chen (1968) 

proposed that the opal-CT formed pillars within the clay layers, reducing both X-ray 

intensities and the apparent d-spacing resulting in broad poorly defined Ca-

Montmorillonite peaks.  Both the hard blue and white bentonites contain minor amounts 

of quartz, orthoclase feldspar and trace amounts of biotite and kaolinite.  The soft clays 

have better defined Ca-montmorillonite peaks and contain non-opaline cristobalite, 

quartz, orthoclase, plagioclase and trace amounts of biotite and kaolinite.  The Settled 

subset of the soft clays has a slightly lower intensity quartz peak.  The lower mixed zone 

is similar to the soft clay in that it lacks opal-CT however quartz and feldspar are more 

prevalent.  The lower mixed Settled subset has markedly lower feldspar and quartz 

intensities but a higher kaolinite intensity.  The XRD pattern of the ash lens (C-3) is 

composed of well defined high intensity peaks for quartz and feldspar and a poorly 

defined, low intensity montmorillonite peak only in the settled sample.  The overall 

pattern is consistent with volcanic ash and not characteristic of the middle mixed zone.  

The upper mixed zone is predominantly composed of ash as the intensity of the 

montmorillonite peak at 19.9º 2θ (4.52 A) coincides with a 25% clay content.  The 

mineral composition of the Raw subset includes quartz, talc, feldspar, pyrite and non-

opaline cristobalite.  The Settled subset has a lower cristobalite intensity and higher 

intensities of quartz, talc, feldspar and montmorillonite.  The ash zone contains quartz, 

feldspar, cristobalite, kaolinite, illite, talc and a montmorillonite intensity consistent with 

a clay content of ~25%.  For the relative peak intensities see Table 4 and for  XRD traces 

of the Clarke/Kennard samples see (Figure 49 - Figure 54) in APPENDIX C. 
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MILLER/MCROREY DEPOSIT 

 

The yellow bentonite is characterized by minor amounts of quartz, feldspar, 

kaolinite and talc in a Ca-Montmorillonite matrix.  Cristobalite and opal-CT are absent 

from the yellow bentonite resulting in XRD traces that are similar in appearance to the 

soft blue bentonite in the Clarke/Kennard.  The XRD peaks of the brown bentonite have 

lower feldspar and kaolinite intensities and much higher quartz intensities than the yellow 

bentonite.  The Miller/McRorey ash contains a very wide array of minerals including 

quartz, feldspar, siderite, kaolinite, barite, hematite, talc, paragonite, clinoptilolite, 

apophyllite and Ca-montmorillonite. 

The Settled subset in the yellow bentonite has an almost identical pattern to the 

Raw subset, while the brown bentonite contains larger grained quartz and feldspar.  For 

the relative peak intensities see Table 4 and for XRD traces of the Miller/McRorey 

samples see (Figure 55 - Figure 57) in APPENDIX C. 
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TRACE ELEMENT DATA 

 

Trace element concentrations in the Gonzales clays exhibit general behaviors that 

can be classified into four groups: Group 1) where elemental concentrations in clay 

samples are very similar and those in ash samples, but the concentrations in clays and 

ashes are very different; Group 2) where elemental concentrations in clay samples are 

very similar and elemental concentrations in ash samples are very similar, but the 

concentrations in clays and ashes are slightly different; Group 3) where elemental 

concentrations are all very similar; and Group 4) where elemental concentrations vary 

inconsistently between samples. 

 

CLARKE/KENNARD DEPOSIT 

 

The trace elements in the Clarke/Kennard clays and ashes that exhibit systematic 

variation depending on clay/ash content (Group 1) are Cr, Rb and W.  Sr, Y, Hf and Ta 

have generally similar concentrations with minor lithologic variation (Group 2), whereas 

V, Zn, Zr and Nb display a high degree of similarity with little correlation to lithology 

(Group 3).  Concentrations of Sc, Co, Ni, Cu, Sn, Ba, U and Th are highly variable and 

correlate poorly with lithology (Group 4).  See Figure 25 and Table 5 for the 

Clarke/Kennard trace element behaviors. 

 

MILLER/MCROREY DEPOSIT 

 

The trace elements in the Miller/McRorey samples that exhibit lithology 

dependent variations (Group 1) are Sc, Rb, Bs and W.  V, Cr, Zn, Sr, Y and Hf have 
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similar concentrations with minor lithologic variation (Group 2).  Ni, Zr, Nb, and Sn have 

very similar concentrations with little lithologic variation (Group 3), whereas Co, Cu, Ta, 

Pb, Th and U have inconsistent and wide ranging concentrations (Group 4).  See Figure 

26 and Table 5 for the Miller/McRorey trace element behaviors.  Comparing the 

concentration patterns shows that the two deposits have similar trace element signatures 

(Figure 27). 
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REE DATA 

CLARKE/KENNARD DEPOSIT 

 

The REE concentration ranges of the Clarke/Kennard deposit samples vary 

considerably (Table 9, APPENDIX F).  The LREE, in particular, are enriched by up to an 

order of magnitude in clay samples over ash samples, and negative Eu anomalies 

(measured as the difference between Eu and the average of Sm and Gd) are evident in all 

samples.  Progression of the La/Lu REE ratios from ash to clay (Figure 28), shows that 

enrichment is dependent on lithology (Table 10, APPENDIX F).  Clay samples have 

higher La/Lu ratios than ash samples which is indicative of REE fractionation in the 

deposits (Henderson 1996).  The chondrite normalized REE patterns of the 

Clarke/Kennard samples are similar for both pits (Figure 29) and show that all the 

samples are enriched relative to bulk earth.  The REE slopes are steeper for clay samples 

than ash samples and the range (difference between max and min) of LREE 

concentrations is greater than the spread of HREE concentrations.  Clay samples are more 

enriched in all REE than mixed and ash samples (Figure 30). 

 

MILLER/MCROREY DEPOSIT 

 

The REE concentrations of the Miller/McRorey deposit also display considerable 

ranges in concentration between samples (Table 11, APPENDIX F).  As in the 

Clarke/Kennard sample suite, all samples have negative Eu anomalies and REE ratios 

(Figure 28) indicate that fractionation took place in the deposit (Table 12, APPENDIX 

F).  The chondrite normalized REE patterns of the Miller/McRorey samples also reveal 

similar overall patterns for both pits (Figure 31).  Yellow bentonite samples are more 

 58



enriched in all REE than Brown bentonite samples, which in turn are more enriched than 

ash samples. REE slopes are steepest for yellow clays, then brown clays then ash samples 

and the spread of LREE concentrations is greater than the spread of HREE concentrations 

(Figure 32).   

The REE patterns of all the Gonzales bentonite samples are similar; however a 

comparison of the chondrite normalized Miller/McRorey and Clarke/Kennard patterns 

are consistently different (Figure 33).  The chondrite normalized REE patterns of all 

samples can be found in Figure 58, APPENDIX E. 
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A B

C D

Figure 17.  Clarke/Kennard smear slide photos. 
(A)  C-0 hard blue bentonite, (B)  C-1 soft blue bentonite, centric diatom.  (C)  C-2 lower mixed zone, 
pennate diatom.  (D)  C-4 upper mixed zone. 
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A B

C D

Figure 18.  Miller/McRorey smear slide photos. 
(A)  Miller yellow bentonite.  (B)  McRorey yellow bentonite.  (C)  McRorey brown 
bentonite.  (D)  McRorey ash. 
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Table 3.  Estimated mineral composition of deposit samples. 
 

Sample Glass Clay Quartz Feldspar Oxides Biotite 

C-0 (Hard Blue) 1 95 1 1 2 0 

C-1 (Soft Blue) 3 87 3 4 2 1 

C-2 (Lower Mixed) 13 76 3 5 1 2 

C-3 (Ash Lens) 77 12 4 3 2 2 

C-4 (Upper Mixed) 64 20 5 6 2 3 

C-5 (Ash) 65 23.5 7 3 0.5 1 

Clarke Hard White 1 95.5 2 1 0.5 0 

Clarke Soft White 6 86 4 3 1 0 

Clarke Ash 87 3.5 4 3 0.5 2 

Yellow Clay (Plastic) 2 94.5 1 1 0.5 1 

Yellow Clay (Light) 2 93.5 1 1 0.5 2 

Brown Clay 4 89.5 2 2 0.5 2 

Ash 62 20 7 7 1 3 

Brown Ash 40 42 7 5 2 4 
 
Smear slide investigations indicate that the Clarke/Kennard samples are predominantly clay 
and glass, though quartz and feldspar become more prevalent in the mixed and ash zones.  
While the Miller/McRorey samples are also predominantly clay and glass, the ash has more 
significant amounts of quartz and feldspar. 
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A B

C D

E F

Figure 19.  Kennard ESEM/SEM images. 
(A) Hard blue bentonite  (B) Nodules on hard blue bentonite  (C) Soft blue bentonite  (D) 
Gypsum in soft blue bentonite  (E) Lower mixed zone bentonite  (F) Ash lens   
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Figure 20.  Kennard EDX spectrographs. 
(A) Hard blue bentonite  (B) Nodules (Opal-CT) on hard blue bentonite  (C) Soft blue 
bentonite  (D) Gypsum in soft blue bentonite  (E) Lower mixed zone bentonite  (F) Ash 
lens   
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A B

C D

E F

Figure 21.  Clarke ESEM/SEM images. 
(A) Clarke hard white bentonite  (B) Nodules (Opal-CT) on Clarke hard white bentonite  
(C) Clarke soft white bentonite  (D) Clarke ash  (E) Clarke Root fragment  (F) Kennard 
root fragment   
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Figure 22.  Clarke EDX spectrographs. 
(A) Clarke hard white bentonite  (B) Nodules on Clarke hard white bentonite  (C) Clarke 
soft white bentonite  (D) Clarke ash  (E) Clarke Root fragment  (F) Kennard root 
fragment   
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A B

C D

E F

Figure 23.  Miller/McRorey ESEM/SEM images. 
(A) Miller yellow (plastic)  (B) McRorey yellow (light)  (C) Miller Brown  (D) McRorey 
Brown  (E) McRorey Ash  (F) Feldspar in McRorey Ash   
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Figure 24.  Miller/McRorey EDX spectrographs. 
(A) Miller yellow (plastic)  (B) McRorey yellow (light)  (C) Miller Brown  (D) McRorey 
Brown  (E) McRorey Ash  (F) Feldspar in McRorey Ash   
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Table 4. Relative X-Ray intensities. 

 
The XRD traces show that the intensities of larger (raw vs. settled) quartz and feldspar 
grains increases up-section while montmorillonite intensities increase down-section.   
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Figure 25.  Trace element comparison of the Clarke/Kennard deposit. 
Trace element patterns of the Miller/McRorey samples show that certain elements such as 
Rb and W tend to be far more concentrated in ash than clay. 
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Figure 26.  Trace element comparison of the Miller/McRorey deposit. 
Trace element patterns of the Miller/McRorey samples show that certain elements such as 
V, Rb and Ba are far more concentrated in ash than clay. 
 
 
 
 
 
 

 71



 
 
Figure 27.  Representative trace elements of the Gonzales deposits. 
The patterns of trace element concentrations in the Clarke/Kennard and Miller/MCRorey are generally 
similar. 
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Table 5.  Trace element behavior groups. 

 
Group 1) Element concentrations in clays are very similar and element concentrations in ashes are very 

similar, but the concentrations in clays and ashes are very different. 
Group 2)  Element concentrations in clays are very similar and the element concentrations in ashes are very 

similar, but the concentrations in clays and ashes are slightly different. 
Group 3)  Element concentrations are all very similar, regardless of sample type. 
Group 4)  Element concentrations vary inconsistently between samples. 
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Figure 28.  La/Lu ratios of the Gonzales deposits. 
The changing La/Lu ratios are a measure of REE fractionation between the samples in the 
Gonzales deposits.  Clay samples in both deposits show the highest degree of 
fractionation. 
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Figure 29.  Clarke vs. Kennard chondrite normalized REE patterns. 
Comparison of the chondrite normalized REE patterns of the Clarke (red) and Kennard (blue) pits shows 
that the shapes are slightly different, but generally very similar. 
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Figure 30.  Clarke/Kennard REE clay vs. ash comparison. 
Non-chondrite normalized REE patterns of the Clarke/Kennard samples show that the clay samples have 
systematically higher element concentrations than the mixed samples which in turn have systematically 
higher element concentrations than the ash samples. 
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Figure 31.  Miller vs. McRorey chondrite normalized REE patterns. 
Comparison of the chondrite normalized REE patterns of the Miller (red) and McRorey (blue) pits shows 
that the shapes are indistinguishable from each other. 
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Figure 32.  Miller/McRorey REE clays and ash comparison. 
Non-chondrite normalized REE patterns of the Miller/McRorey samples show that the clays have 
systematically higher element concentrations than the ashes. 
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Figure 33.  Comparison of chondrite normalized REE patterns. 
Comparison of the chondrite normalized REE traces of the Clarke/Kennard clay (blue) and ash (green) and 
Miller/McRorely clay (pink) and ash (red) shows that the deposits have similar HREE shapes but different 
LREE shapes. 
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CHAPTER 5: DISCUSSION 

DEPOSIT ORIGINS 

 The incorporation of field observations, oil immersion slide results, and the 

presence of minerals indicated by X-ray diffraction, allows for an interpretation of the 

origins of the Clarke/Kennard and Miller/McRorey deposits. 

  

CLARKE/KENNARD 
 

The lack of non-clay minerals, presence of fine-grained underlying sandstone and 

the presence of diatoms (Cupp 1943) in the hard clays are indicative of a low energy 

environment with a low rate of sedimentary deposition.  The massive nature of the hard 

blue and white bentonites in the Clarke/Kennard deposit suggests that these clays formed 

in situ (Berry 1999), through wholesale precipitation of montmorillonite from aluminous-

silica gel (Berger et al., 1987).  The hydration and hydrolysis of the glass produced silicic 

acid (Techer et al., 2001), lowering the pH of the alteration system sufficiently to 

dissolve biotite (Acker and Bricker, 1992), possibly leaving relics in the form of the 

suspended oxides.  The Opal-CT (Si-O rich nodules) lephispheres (Ledger and Tieh, 

1980) and high X-ray intensities of Opal-CT suggest that the diffusion or flow rates in the 

altering ash were low enough to over-saturate Si and crystallize the gel in place 

(Christidis 1997). 

The lack of opal-CT in the soft clays indicates that excess silica gel was dissolved 

from the system into the depositional environment.  The presence of discrete clay 

particles suggests that the clays are the result of precipitation of montmorillonite in 

micro-domains around glass shards or that the silica gel diffused after precipitating 

montmorillonite.  As the soft bentonites form a ‘rind’ around the hard bentonites (Figure 
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), it is reasonable to assume that the thickness of the soft clays is in fact the silica gel 

diffusion limit of the altering ash.  The lack of sedimentary detrital minerals in the clays 

suggests high rates of ash accumulation, consistent with deposition during the initial 

phase of an ash-fall event. 

The upward increasing abundance of non-clay minerals in the mixed zone is a 

strong indication of a declining rate of glass deposition.  The large (20-60 μm) discrete 

clay particles and the presence of non-clay minerals indicate that higher flow rates 

through freshly deposited glass, or longer residence times of these glass shards in water, 

leached sufficient Si to inhibit the formation of silica gels (Christidis 1997) that facilitate 

alteration to montmorillonite.  The laminae of hard blue bentonite in the lower mixed 

zone are the result of fresher ash being deposited with older Si-depleted transported ash.  

The ash lenses in the middle mixed zone represent the deposition of Si-leached glass 

shards with long residence times in the water column.  The loss of Si increased the 

stability of the grains, inhibiting their ability to alter.  The presence of clay clasts, 

abundant detrital sediments, organic material and burrows indicate that the middle and 

upper mixed zones are composed of a blend of secondary (reworked) bentonite and 

partially altered, Si-leached ash that accumulated over a longer timeframe than the clay 

zone.  The increasingly vesicular nature of unaltered shards in the upper zones supports 

the concept that the shards experienced higher residence times as the most vesicular 

shards are the last to deposit (Wolff-Boenisch et al., 2004).  The abundance of non-

opaline cristobalite and the paucity of montmorillonite in the upper mixed zone suggest 

that the glass shards in the upper mixed zone are altering to quartz over montmorillonite.  

The presence of talc in the upper mixed and ash zones is a strong indication of 

sedimentary contribution as widespread occurrences are found in lower Miocene clastic 

sediments in the Gulf Coast (Isphording 1971).   

The presence of organic material, abundance of non-vesicular glass shards, 

sedimentary detrital minerals and the lack of montmorillonite suggest that the ash zone is 
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composed of material from terrigenous air-fall deposits.  Over time wind and rain eroded 

the ash blanket into local tidal channels or lagoons where it accumulated over air-fall 

deposits.  

 

MILLER/MCROREY 

 

The moderately high purity of the yellow clays and the fine-grained nature of the 

underlying sandstone suggest a low energy environment of deposition.  However the 

presence of fine sand lenses and the rarity of diatoms in the clays indicate higher 

sedimentations rates (Cupp 1943) than in the Clarke/Kennard clays.  The massive texture 

of the yellow plastic clays indicates that they also crystallized in situ (Berry 1999) from 

silica gel (Berger et al., 1987).  Opal-CT is not present in the samples, indicating that 

silica did not become over-saturated in the gel, possibly as a result of higher fluid flow or 

diffusion rates.  The minerals revealed by X-ray traces indicate that there is no significant 

mineralogical difference between the light yellow and plastic yellow clays.  The XRD 

patterns are very similar to those of the soft blue clays, though with lower non-clay 

mineral intensities.     

The presence of ash, sand, organic material and yellow clay rip-up clasts strongly 

suggest that the brown clay is secondary bentonite (Chen 1968).  The texture of the 

brown clay resembles that of mixed alteration, where larger clay particles are re-

crystallized glass shards and the matrix is precipitated from silica gel.  The elemental 

composition suggests that there is no significant difference between the brown and 

yellow bentonites.  The color variation between the yellow and brown clays results from 

oxygen availability, where the anaerobic zone is yellow and the aerobic zone is brown 

(Schikorr 1933). The brown bentonites are also fairly pure, although relatively high 

intensities of quartz may indicate minor contamination by silt.  Higher flow rates in the 
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depositional environment may have precluded the deposition of talc and kaolinite with 

the ash in the brown clay zone. 

The presence of visible micas, detrital sediments, talc, paragonite (metamorphic 

mica) and zeolites, such as clinoptilolite and apophyllite, are a strong indication that the 

Miller/McRorey ash is primarily composed of terrigenous ash-fall material that was 

transported onto the clays, post-deposition.  The presence of K and Na in the glass shards 

is consistent with the Clarke/Kennard ash, but the lack of Fe is inconsistent with the 

elemental composition of the yellow and brown clays.  The abundance of pyrite, siderite 

and hematite suggests that the overlying mudstone is the source of Fe in the clays. 
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TRACE ELEMENTS  

GONZALES DEPOSITS 
 

The trace elements that display consistent clustering (Groups 2 and 3) in both of 

the bentonite deposits are V, Zn, Sr, Y, Zr, Nb and Hf.  Sc, Cr, Ni and Sn only exhibit 

clustering in the Miller/McRorey deposit, whereas Ta only clusters in the Clarke/Kennard 

deposit.  Co, Cu, Pb, Th and U display wide ranges of concentrations (Group 4) in both 

deposits (Figure 34A).  A wide range in elemental concentration (Group 1) between 

sample types (clay vs. ash) suggests that the element in question is either gained or lost 

during alteration, indicating higher mobilities than elements that display Group 2 and 3 

clustering. 

A trace element comparison of the ash samples from the Gonzales deposits shows 

that the concentrations and relative concentrations of Sc, Cu, Zn, Y, Zr, Nb, Sn, Hf, Ta, 

W, Th and U are similar (Figure 35).  These trace elements are independent of Groups 1-

4, and indicate that the ash samples from the Clarke/Kennard and Miller/McRorey 

deposits may be derived from the same source. 

 

TRACE ELEMENT DISCRIMINATION 
 

In particular Sc, Zr, Ta and Hf display distinct, deposit specific grouping (Figure 

34A).  Ternary diagrams using Sc, Zr, Ta (Figure 34B) and Sc, Zr, Hf (Figure 34C) result 

in single clusters.  As these elements are considered to be immobile during alteration of 

volcanic ash (McHenry 2009), the Clarke/Kennard and Miller/McRorey deposits are 

indistinguishable from each other using the immobile trace element compositions.  Either 
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the deposits have very similar source chemistry or trace elements are unsuited to 

bentonite deposit discrimination. 

 

TECTONIC DISCRIMINATION 
 

Ta-Yb and Nb-Y tectonic classification diagrams determined by Pearce et al. 

(1984) place the Gonzales bentonite deposits between Volcanic Arc Granites (VAG) and 

Within Plate Granites (WPG).  The ash-rich samples cluster well within the VAG regions 

of the diagrams (Figure 36).  The ash samples from both deposits form a cluster in the 

Pearce diagrams.  While not definitive, this may indicate that the deposits share the same, 

or a similar source.  Th-Hf-Ta tectonomagmatic discrimination diagrams, as proposed by 

Wood (1980), place the Gonzales deposits in the field of Calc-Alkaline destructive plate-

margin magmas (Figure 37A).  However, Zr-Nb discrimination diagrams, after Leat et al. 

(1986), place the Gonzales samples outside of the calk-alkaline envelope and in the 

subalkaline range of magmas (Figure 37B).  Th/Ta-Yb (Figure 37C) and Th/Yb-Ta/Yb 

(Figure 37D) diagrams after Gorton and Schandl (2000) place the Gonzales samples 

between Oceanic Arcs and Active Continental Margins.  Commonly used tectonic 

discrimination diagrams support the southwestern North American volcanic provinces as 

possible volcanic source regions for the Gonzales bentonites. 
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RARE EARTH ELEMENTS 

REE PETROGENESIS 

 

The chondrite normalized REE patterns of the Gonzales bentonite deposits are 

consistent with those of felsic rocks (Figure 33) (Taylor 1988).  The negative Eu 

anomalies are indicative of fractional crystallization of plagioclase from the melt prior to 

eruption (Winter, 2001).  The samples display some REE fractionation; a quantitative 

measure of which is the La/Lu ratio, where a greater degree of fractionation results in a 

higher ratio (Winter, 2001).  Samples in both deposits exhibit fractionations that 

generally correlate with the degree of alteration, such that the clay-rich samples (as 

estimated from XRD and field observations) exhibit the greatest degree of fractionation.   

In addition to fractionation, the REE are relatively enriched in clay samples with 

respect to ash samples.  This is especially evident when the chondrite normalized patterns 

of the samples are arranged in order of concentration and plotted in a 3d projection 

(Figure 38).  The slightly sub-parallel patterns represent snapshots of a relative REE 

concentration continuum from ash (low concentration) to clay (high concentration).  A 

variable describing  both fractionation and relative enrichment of each REE would allow 

the samples to be arranged relative to each other, revealing trends established during 

alteration.   

The concentration of REE vs. depth or clay content is complicated, in that the 

upper mixed and ash samples, C-4 and C-5 respectively, do not show the lowest degree 

of alteration/fractionation and have variable clay contents.  In addition, the estimates of 

clay content from field and XRD observations are not precise enough to discriminate the 

samples.  The most reliable and precise measure of fractionation and alteration are REE 

concentrations themselves.  
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Because the clays are alteration products of the ash, the ratio of a REE 

concentration in a clay sample to an ash sample is a measure of how altered the clay 

sample is with respect to the ash sample.  The average of each REE ratio in a sample (to 

the ash sample REE) can be used as an ‘x’ axis variable to position the samples relative 

to each other.  The sequential and relative placement of the samples reveals alteration 

trends present in the deposit.  The average REE position, or Ratio Position is calculated 

using the following equation; 

 

Ratio Position = Average [ La(clay)/La(ash)+ Ce(clay)/Ce(ash)+….Lu(clay)/Lu(ash) ]. 

 

The ash sample in a deposit will have a Ratio Position of 1, while altered samples have 

Ratio Positions greater than 1.  Plotting the samples in a deposit by Ratio Position shows 

that the deposits display regular, or predictable, alteration trends (Figure 39). 

This ‘Alteration Trend Analysis’ reveals that samples from the Clarke and 

Kennard pits have slightly different alteration trends (Figure 40) while samples from the 

Miller and McRorey pits follow the same alteration trend.  A comparison of the Kennard  

pit with the Miller/McRorey deposit (Figure 41) reveals that La, Ce, Sm and Gd have 

very different alteration trends, whereas Pr, and the remaining HREE (Tb-Lu), have very 

similar trends.  Since the REE compositions of the Clarke (CL2A), Kennard (C-3) and 

Miller/McRorey (McA) ash samples are very similar, (Figure 42), Ratio Positions for the 

comparison of the Kennard and Miller/McRorey samples were determined using the 

average ash REE composition.  For additional information see APPENDIX G. 

Given that the REE compositions of the ash samples are very similar, regardless 

of whether the deposits originate from the same source, the fractionation of REE during 

alteration of glass to montmorillonite appears to be heavily influenced by the 

environment of deposition.  
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SOURCE MATCHING WITH THE NAVDAT 

 

The search for potential volcanic matches to the Gonzales bentonites in the 

NAVDAT was conducted for samples within the region from the central US to southern 

Mexico, from California to the Gulf Coast (Figure 43).  This search region is considered 

to be the most reasonable as it coincides with projected Eocene wind patterns (Figure 44).  

The NAVDAT samples were further restricted using the general stratigraphic ages of the 

Jackson Group sediments, such that a sample’s calculated maximum or minimum age had 

to fall between 37 and 32 Ma.  Samples were further limited to extrusive rocks with at 

least 4 available REE.   

To provide a reasonable range of ash compositions for NAVDAT matching, the 

Clarke (CL2A), Kennard (C-3) and McRorey (McA) ash samples were used to construct a 

trend (similar to an alteration trend but using un-altered samples) (Figure 45).  Ratio 

Positions for the remaining NAVDAT samples were calculated with regard to the average 

ash concentration.  NAVDAT samples were then ranked using the following four criteria; 

 

1) All element concentrations have to be within 30% of the Gonzales ash REE trend 

(Referred to as Maximum Error < 0.3) 

2) Average element concentrations have to be within 20% of the Gonzales ash REE 

trend, (Referred to as Average Error < 0.2) 

3) Average Ratio Position has to be less than 1.5. 

4) The range divided by the average of the Ratio Positions has to be less than 60%.  

(Referred to as Position Consistency < 0.6) 

 

 The match criteria cutoffs were determined using the ranges of the REE 

concentrations of the ash samples and their “fits’ to the ash trend.  The cutoffs were  then 
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verified using ash-source matches published by Ddani et al., (2005), Dos Muchangos 

(2005) and Galan et al., (2007), and found to be relatively forgiving (actual source to ash 

matches satisfied more restrictive cutoffs).  For additional information see APPENDIX 

H. 

NAVDAT samples were assigned a point for each satisfied criteria, with a 

ranking of four points considered to be a strong statistical match.  For an example of the 

match criteria calculations see Figure 46.  Of the currently available NAVDAT samples 4 

met all four criteria (CON-75), (178), (8640), and (236) (Table 6).   

Sample CON-75 has measurements for the full range of REE, while samples 178, 

8640, and 236 have only six REE available for comparison.  In addition to the REE, the 

samples have measurements of an assortment of trace elements including Y, Zr, Nb, Hf 

and Ta.  In general, the trace-element and REE patterns of the NAVDAT matches are 

similar to those of the Gonzales ash samples (Figure 47).  

CON-75 is described as a sample of silicic tuff with an age range of 32.2 – 30.6 

Ma, located in the southern Mexican state of Oaxaca (Martiny et al., 2000).  While the 

REE and trace element match appears to be strong, the tuff is somewhat young compared 

to the accepted stratigraphic age (36.7 - 32.4 Ma) of the Jackson Group strata.  In 

addition, the sample location is due almost directly south of the Gonzales deposits 

(Figure 48), rather than the western location expected for a Gonzales bentonite source.  

While sample CON-75 is certainly a possible match, further investigation is warranted to 

verify its validity.   

Sample 8640 is listed as a sample of a 34 – 32.6 Ma rhyolite located in 

Chihuahua, MX (Wark 1991).  The sample was collected from the precollapse lava of the 

Vista rhyolites.  However, the related ash flow tuff sample, NV01 fails all four criteria, 

indicating that 8640 is unlikely to be related to the Gonzales bentonites. 

Sample 178 and sample 236 were collected in the Mogollon-Datil Volcanic Field 

and are listed as having age ranges of 33- 31 Ma and 34.3 – 26.7 Ma, respectively 
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(Bornhorst 1980).  With only six available REE, these samples can only be considered as 

partial matches, and require further investigation. 

The samples in the NAVDAT generally do not contain the full suite of REE and 

the analytical methods used to acquire the data vary greatly depending on the goals of the 

contributing researchers.  Samples of the Gonzales source eruptions may be present in the 

data base and fail to match as a result of outdated or inaccurate analyses.  The volcanic 

sources of numerous significant Trans-Pecos eruptions, including the Crossen Trachyte, 

Star Mountain Rhyolite, Buckhorn Ignimbrite, Shelly Group and Morita Fm are unknown 

(Urbanczyk et. al., 2001; Henry and Price 1986).  Further, many Paleogene volcanic units 

in the region do not have any REE data, nor are their ages known with precision.  

 The current state of the NAVDAT is not ideal for definitively determining the 

volcanic source eruptions of the Gonzales bentonites.  However as the NAVDAT 

continues to evolve and modern geochemical analyses provide more accurate results 

stronger matches may emerge in the future.   
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Figure 34.  Trace element comparison and discrimination. 
A) Sc, Zr, Ta and Hf show particularly distinct deposit specific grouping. 
B and C) Ternary diagrams using Zr, Ta, Hf and Sc fail to discriminate the Gonzales deposits from each 
other.   
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Figure 35. Trace element comparison of the Gonzales ash samples. 
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Figure 36.  Pearce diagrams of the Gonzales deposits. 
Pearce diagrams place the Gonzales ash samples in Volcanic Arc Granites while 
some of the clays fall in to the region of Within Plate Granites. 
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Figure 37.  Trace element tectonomagmatic discrimination diagrams. 
A) (Wood 1980) The Hf-Th-Ta diagram places the Gonzales samples in Calc-Alkaline destructive plate 
margins.   
B) (Leat et al., 1986) The Nb-Zr diagram places the Gonzales deposits outside the Calc-Alkaline envelope 

(green dashed line) in the Sub-Alkaline range of magmas.   
C & D) (Gorton and Schandl 2000) The Th/Ta-Yb and Th/Yb-Ta/Yb diagrams place the Gonzales deposits 

between Oceanic Arcs and Active continental Margins. 
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Figure 38.  3D view of Kennard chondrite normalized samples. 
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Figure 39. Alteration trend of the Kennard pit. 
Plotting samples by Ratio Position reveals alteration trends in the REE. 
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Figure 40.  Alteration trends of the Clarke and Kennard pits. 
Plotting samples from the Clarke and Kennard pits together shows that the deposit 
displays two distinct alteration trends. 
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Figure 41. Alteration trends of the Kennard and Miller/McRorey deposits. 
Plotting the Kennard pit with the Miller/McRorey deposit shows that they display 
drastically different alteration trends. 
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Figure 42. Trace and REE comparison of the Gonzales ash samples. 
REE and trace element patterns show that the ash samples from the Clarke, Kennard and 
McRorey pits have almost identical chemical signatures. 
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Figure 43.  NAVDAT Search Range. 
The search range of the NAVDAT was constricted by the black boundary seen above and Min/Max age 
restrictions of 37 Ma / 32 Ma respectively. 
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PROJECTED OLIGOCENE WIND PATTERNS  

 

From Galloway 1977 

Figure 44.  Oligocene winds in southwestern North America. 
Projected wind patterns of the Eocene are expected to be similar to the wind patterns of the Oligocene. 
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Figure 45. REE Trend of the Gonzales ash samples. 
Constructing a REE trend of the Gonzales ash samples provides a range of possible 
NAVDAT match concentrations. 
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Figure 46. Example of NAVDAT matching statistics. 
NAVDAT samples have to satisfy four criteria to qualify as potential matches. 
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Table 6. NAVDAT criteria cutoffs and sample matches 
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Figure 47. Trace and REE patterns of Gonzales ash with NAVDAT matches. 
The trace element and REE patterns of the potential NAVDAT matches and the Gonzales 
ash samples are very similar. 
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Figure 48.  NAVDAT match locations for the Gonzales samples. 
The NAVDAT samples with the strongest matches to the Gonzales deposit samples are located in the 
Mogollon-Datil volcanic field of New Mexico and the Mexican states of Chihuahua and Oaxaca. 
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CHAPTER 6: CONCLUSION   

 

This investigation furthers our understanding of the nature and origins of the 

Gonzales bentonites.  The Gonzales ashes appear to have originated from the same 

magmatic province and possibly even the same volcanic source.  This implies that the 

principal influences on a bentonite deposit’s characteristics are the depositional 

environment and the diagenetic processes experienced by the ash before and during 

alteration.   

Blue and white bentonites are likely to form in low energy environments with low 

rates of terrigenous sedimentary deposition such as secondary tidal channels.  The ash 

accumulated during the ash-fall event is most likely to form high quality clay.  As 

volcanic ash is similar in nature to silt and sand, accumulations are likely most likely to 

occur along sand-dominated paleo-shorelines where heavy ash-fall events with long 

durations are known to have occurred. 

Yellow and brown bentonites are most likely to form in fluvial sand and mud-

dominated paleo-environments.  As in blue and white bentonite deposits, the ash 

accumulated during the ash-fall event is most likely to form high quality clay.  Over time 

diffusion of Fe from overlying muds stains the bentonite yellow and brown (Schikorr 

1933).  Geologic units dominated by widening and deepening sandy stream channels, 

ponds and pools are the most likely hosts for yellow/brown bentonite deposits. 

This investigation also lays the groundwork for constraining the source volcanics 

of bentonite deposits.  The REE patterns of bentonites have been shown to be similar to 

those of their source eruptions using data from Ddani et al., (2005), Dos Muchangos 

(2005) and others.  Tying bentonites to their source eruptions allows further and 

hopefully more definitive investigation into the influence of source chemistry on 

bentonite properties.  Knowledge of the influence of the protolith composition could 
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further narrow the focus of an exploration program to strata of a particular age; increasing 

the likelihood of discovering desirable varieties of bentonite.   

REE trend analysis of the Clarke/Kennard and Miller/McRorey bentonites 

indicates that the deposits are possibly related to the same eruption event.  Modern 

analyses of the full range of REE for the large scale Sierra Madre Occidental, Mogollan-

Datil Volcanic Field and Trans-Pecos Volcanic Province pyroclastic units are needed to 

further constrain the sources of the Gonzales bentonites.  NAVDAT sample CON-75 

needs to be investigated as a possible source for the Gonzales bentonites.  Furthermore, 

the depositional environments and REE compositions of additional Gulf of Mexico 

bentonite deposits and their corresponding ash units need to be analyzed to verify the 

findings of this investigation. 
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APPENDIX A 

LIST OF SAMPLES 

 
 

All samples should be located in the core repository of the Jackson school of 

Geosciences at The University of Texas at Austin. 
 

KENNARD DEPOSIT 
 
Sample location: Latitude 29.468600, Longitude -97.340583 
 
C-1  Soft Blue at 0 cm 

Very little ash 
 
C-0  Hard Blue at 20 cm 
 

Sample A contains feldspar.  Sample is very altered, almost no glass. 
Probably lake sediments clay particles, mineral content: feldspar, Fe-Ti oxides 
(Pyrite, Hematite?) 
High clay content, settles in 2 days 
Laminated 

 
Sample S (C-0 light) clay particles, few mineral grains possibly Opaline-
Cristobalite, altered diatoms 
Most likely lake sediments 

 
Sample T (C-0 dark) clay particles, few mineral grains possibly Opaline-
Cristobalite, more Fe-Ti oxides: (higher iron content), altered diatoms.  Most 
likely lake sediments.   

 
Sample V (C-0 dark) clay particles, few mineral grains possibly Opaline-
Cristobalite, more Fe-Ti oxides: (higher iron content), altered diatoms.  Most 
likely lake sediments.   

 
C-1 Soft Blue at 0 cm and 58 cm 
 

Sample C-1 clay particles, some of larger minerals (feldspar, biotite, Fe-Ti 
oxides), altered glass, altered diatoms 
Most likely lake sediments mixed with volcanic ash. 
 
Sample C-1(2) similar to C-1, clay particles, some larger minerals (feldspar, 
biotite, Fe-Ti oxides), altered glass, altered diatoms 
Most likely lake sediments mixed with volcanic ash. 

 109



 
 
C-2 Mixed at 103 cm 
 

Mostly soft blue, some ash, up to 50%.  Friable. 
 
Sample B (C-2) clay particles, higher number of large minerals (feldspar, biotite), 
altered glass, altered diatoms, pollen 
Most likely lake sediments mixed with volcanic ash 
 
Sample C (C-2 (s)) clay particles, some small mineral grains (feldspar, biotite, Fe-
Ti oxides), altered glass, altered diatoms, pollen 
Most likely lake sediments mixed with volcanic ash 

 
 
C-3 Mixed at 140 cm 
 

Almost no clay fraction, settles in 30 minutes 
Very ashy, roots and laminae. 
 
Sample D (C-3) volcanic ash (probably distal ash fallout) composed mainly 
(90%) of glass shards, phenocrysts of feldspar (plagioclase, K-feldspar), biotite, 
clinopyroxene (?), Fe-Ti oxides; (some large minerals / lake sediments) 
If maximum grain size is < 100 micron then this ash might be a distal co-
ignimbritic fallout 
 
Sample E (C-3 (s)) same composition as sample D (C-3) with smaller grains and 
minor amounts of clay. 

 
C-4 Mixed at 165 cm 
 

Some clay, friable even when wet. 
 
Sample F (C-4) mix of mainly volcanic glass, phenocrysts (feldspar, biotite) and 
minor reddish clay particles  
reworked/redeposited ash deposit? (ash C-3) 
 
C-4 (s): see sample C-4 F 

 
C-5 Mixed at 195 cm 
 

Very ashy 
Roots laminae and biolaminae 
 
Sample H (C-5) mix of mainly volcanic glass, phenocrysts (feldspar, biotite) and 
minor lake sediments (clay particles, possibly diatoms, pollen) 
reworked/redeposited ash deposit similar to (ash C-3) 
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Sample I ((C-5 (s)) see sample C-5 H but higher amount of clay 
 

CLARKE 2 DEPOSIT 
 
Sample Location: Latitude 29.469806, Longitude -97.347033 
 
Clarke2 clay (Hard White)  
 

Mainly clay particles, some larger minerals (possibly feldspar, o-cristobalite?), 
diatoms, scattered altered glass shards (?) 
most likely lake sediments 
 

Clarke2 clay (Soft White) 
 

Mostly clay particles, glass shards, partially altered glass shards, quartz, feldspar, 
oxide minerals. 
 

Clarke2 ash 
 

Sample P pure vitric ash: 90% glass shards, phenocrysts of feldspar and biotite 
similar to ash lens C-3. 

 

MILLER / McROREY DEPOSIT 
 
Sample Location: Latitude 29.74742 Longitude -97.20427  
 
22 feet top to bottom 
 
15 feet of overburden 
3 feet of Mudstone 
2 feet of Brown Clay 
2 feet of Yellow Clay 
 
Yellow clay 
 

Yellow Bentonite is laminated and ashy.  Lenses of ash and fine sand are 
randomly dispersed within the clay.  All samples were collected from the SW 
corner of the pit.  Small roots were present in the clay, mostly in the veins cracks 
stained by hematite. 
 
Sample U (Mi Yc) pure clay particles (baked together) 
 
Sample M (MiYc) clay particles, minor amounts of minerals (feldspar, 
clinopyroxene, quartz?), altered diatoms 
most likely lake sediments 
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Brown ash 
 

Visible micas, low clay content, laminated, low organics 
 
Sample R (McBA) some clay particles, some larger minerals (feldspar, biotite), 
altered volcanic glass (?), possibly altered diatoms, highly interpretive. 
possibly lake sediments (mixed with some volcanic ash) 

 
 
Brown clay 
 

Laminated Light and Dark yellow. 
Possible root structure filled in with sand. 

 
Sample Q (McBC) clay particles, some larger minerals (feldspar), altered diatoms 
most likely lake sediments 
Sample L (McYcp) mainly clay particles, some larger feldspar minerals, altered 
diatoms 
most likely lake sediments 

 
Sample N (Mc Ycp (s)) similar to sample McYcp L but with biotite looking 
minerals 
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 APPENDIX B 

 ICPMS DIGESTION PROCEDURE 

 
 “Closed Vessel” procedure, Lesher, 2001 

Preparations 

       

- Make sure you have sufficient clean Savillex digestion bombs for 8 stds, 1 blank, and 

the number of unknowns.  (See Acid Cleaning Procedure and Schedule.) 

- Dry splits (~ 1 g) of all samples in a vacuum oven overnight.  Use clean glass vials 

labeled with Sharpie and covered with Al-foil. 

- Give balance at least 1 h to warm up. 

- Label the sides (twice) and lids of the Savillex bombs with sample numbers using 

Staedtler permanent marker.  It is important that vials and lids are well marked and that 

labels do not rub off during the dissolution procedure.  Re-label as necessary.   

- Insure that there is enough mixed trace metal grade digestion acid (1:3 HF:HNO3). It is 

important that you have enough for the whole batch.  Each bomb will require ~10 ml. 

To mix more use the Teflon bottle labeled “mixing bottle.” There are level lines drawn 

showing the amounts of acids for the “regular” solution, as will as those we use for 

“microwave” digestions. NOTE:  Anytime acids are being handled you must wear 

gloves, a face shield and lab coat. 

Log into lab book on a clean left hand page. You should include the batch number, 

analyst(s), date, and a list the blank, calibration standards, working standards and 

unknowns – in that order.  Leave room for three additional columns for “sample wt.”, 

“sample bottle wt.” and “bottle + solution wt.”.  The right hand page is used as a log of 

all procedures and observations during the digestion.  Record everything that seems 

even marginally relevant.  
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Loading & Digestion 

Complete the following weighing and loading procedure for each standard or sample 

before moving on to the next sample. Note: There is no weight for the procedural blank.   

-Weigh out 100 mg of sample on to a clean piece of weighing paper. 

 

Weighing Protocol  

Clean area around balance. 

Clean FEP-coated spatula with UV Pure water and Kemwipe. 

Never scoop standards or sample directly from vial.  

Pour small amount of sample onto clean, creased weighing paper. 

Replace lid on sample vial ASAP    

Leave the sample on the scale with the doors of the balance closed. 

In the HF-hood locate the CORRECT Savillex bomb, open it putting the lid face down on 

saran wrap.  Fill bomb with 10 ml of acid (~2/3 full). For convenience consult level 

marks corresponding to 10 ml for on example bombs. Note there are two types of bombs, 

one with flat and the other with conical bottoms. 

Leave the filled bomb open and return to balance.  Record the weight of the sample in the 

lab book. 

Carefully carry the sample to the hood and pour it into the bomb, replace the lid and 

tighten securely. 

Place bomb in ultrasonic bath (with ~3/4” of water in it!) for ~ 10 min and then transfer 

to hotplate set at ~3.25 (60-70º C). 

Repeat weighing/loading procedure for each samples, standards, and working standards.   

The samples should stay on the hotplate for a minimum of 8 hours at ~ setting 3.25.  

Occasionally gently shake the vials and place them in the ultrasonic bath for ~10 minutes 

each. Inspect bombs frequently to insure that they are not leaking.  Throughout the 
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process record visual changes in the solution. Undissolved samples can have small 

amounts of dark residue.  If samples are not dissolved leave them on the hotplate for 

another 8 hours with repeated ultrasonification.  If samples still do not completely 

dissolve consider alternative methods, i.e. microwave digestion or fusion. NOTE: Don't 

not leave hotplate unattended overnight. 

When finished allow bombs to cool to room temperature.  Review “Dry Down 

Procedure” before proceeding further.   

 

Dry Down Procedure 

- Set out 200 µl pipette tips for each sample on a piece of saran wrap wipe.  

Set out two cleanroom wipes in the hood with the drying boxes.  

Set the temperature for both drying boxes to 187 oC. 

Make sure you have at least half a bottle of 3:1 HF:HNO3 (Trace Metal grade) acid in the 

appropriate dropper bottle. 

Make sure you have at least half a dropper bottle of 1:1 HNO3:H2O (Trace Metal grade 

and U.V. Pure).  You can mix more by using the 10 ml graduated cylinder and measuring 

out 10 ml of UV pure H2O and pouring it into the dropper bottle.  Then measure 10 ml of 

Trace Mtal grade HNO3 and pour into the dropper bottle.  Rinse the graduated cylinder 

with UV Pure H2O. 

Do the following with each bomb: 

Carefully open the Savillex beaker.  Watch for acid accumulation on the outside lip of the 

bomb.  If present wash down with UV pure water while open bomb is sitting on clean 

whips. Avoid getting water inside bomb.   

Place the lid facing down on saran wrap.  

Rinse the lid three times using 3% Trace Metal grade HNO3 and pouring contents of lid 

in open bomb each time.  
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Fit a clean tip onto the syringe and pipette any fluid remaining in lid.  Dispense contents 

of syringe into open bomb. 

Throw away pipette tip. 

Rinse down inside lip of bomb with 3% Trace Metal grade HNO3.  Don’t overflow 

bomb.  

Transfer open bomb to drying box. 

It will take about 3 hours for most of the acid to evaporate. You must get prepared for the 

following steps when there a little less than 1/3 of the volume remaining.  The heat 

distribution on the hot plate is uneven so you will find that the samples evaporate at 

different rates. Rearranging beakers from time to time helps to insure more uniform 

evaporation. Be careful because evaporation of the last 1/3 can happen very quickly. 

While you’re waiting draw 3 columns next to ‘sample weight’ in the lab notebook. Use 

these columns to keep track of which samples have received drops of acid as outlined 

below.   

Decrease dry box temperature to ~170’C as each sample approaches dryness. Add 15 

drops of 3:1 HF:HNO3 when there is ~0.25 ml of fluid left and the sample has low 

viscosity. Note in the first column in the notebook that the sample has received this 

treatment.  

Allow the solution to evaporate again this time forming a more viscous fluid.  Add 3 

drops of 1:1 HNO3:H2O.  Again allow solution to evaporate to a gel.  Add another 3 

drops of 1:1 HNO3:H2O.  Repeat this one more time for a total of 9 drops.  Keep track of 

each time acid was added for each sample. 

When finished with the last HNO3:H2O treatment allow the sample to form a viscous 

gel. Then move the sample off to the side in the dry box. In the 3rd column note that the 

sample has been removed. Allow the bomb to cool and then re-cap.  

When finished with all the samples, open each bomb and add 10 ml of 3% HNO3 (Trace 

Metal grade). Reseal.   
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Final dilution 

Place the samples on a hotplate set at ~2. 

Turn on balance and warn up for at least 1 h. 

Get an appropriate number of clean 125 ml polypropylene bottles. 

Label each bottle with sample and batch number. 

Weigh each bottle (without the lid) and record its weight in the lab book. 

Rinse each bottle with a small amount of 3% HNO3 (Trace Metal grade). 

On a cleanroom wipe set out an appropriate number of 200 µl pipette tips. 

Carefully open each Savillex bomb and pour the contents into the 125 ml polypropylene 

bottle.  Rinse the lid and beaker multiple times (5-6) with 3% HNO3  and pour the 

contents into the polypropylene bottle. 

Using the syringe with a fresh pipette tip, recover any fluid left in the lid and beaker and 

dispense into the polypropylene bottle. Throw away pipette tip. 

Using the “100 g” bottle as a guide, fill the polypropylene bottle with 3% HNO3 to just 

below the 100g line. 

To each sample (now in polypropylene bottle) add 1 drop of 50% HF (Trace Metal grade) 

using the syringe and a pipette tip. 

On the scale add enough 3% HNO3 to bring the solution weight to 100 g.  Remember 

solution weight is total weight - bottle wt. (no cap).  Record total weight in the log book. 

 

Final Preparation for ELEMENT ICP-MS 

 

Prepare 1 liter of 3% HNO3 using UV pure water and trace element grade HNO3. 

Add 400 ul Ga, 300 µl In, 300 µl Cs, 300 µl Th to the 1 liter of 3% HNO3.  This is the 

internal standard solution. 

Rinse, using 3% HNO3, enough 7 ml tubes for the blank, calibration standards, working 

standards, and unknowns. 
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Label each tube. 

To each tube add 4 ml of internal standard solution using the 5 ml pipette. 

Place the first four solutions into the ultrasonic bath partially filled with deionized water.  

As you remove a sample from the bath rotate the next in. 

Remove the sample from the bath and place in on the stirring pad for 5-10 seconds. 

Rinse a new 1 ml pipette tip by drawing up 1 ml of 3% HNO3 and discarding into a 

waster beaker. 

Pipette 2 ml of sample solution into the corresponding tube. (1 ml at a time) 

Repeat steps 7-9 for each solution. 

 * note we normally can run 3 batches in a day on the Santa Cruz ELEMENT 

 

Using the ELEMENT at Santa Cruz 

 

 Dan Sampson is the contact person at Santa Cruz.  He is familiar with my 

files and procedures.  A few of the important things to remember are: 

 1)  Do not use the autosampler, do all the samples by hand.  This allows 

you to ultrasonicate and place each sample tube on the stirring pad just before analysis.  

This insures that all the elements are in solution. 

 2)  For data reduction you need to have the raw counts, the count ratios 

(i.e. raw counts divided by internal std counts times internal std concentration), and the 

standard deviations for both counts and ratios. 

 3)  Run calibration standards for each batch, and run working standards 

after every four samples.  Run W-2 first and run in again at the end of the batch to check 

for drift. 

 

 

 

 118



Data reduction using Excel at UCD. 

 

 The good way to start to learn this method of data reduction is to closely study an 

existing spreadsheet that contains finished data.  An example spreadsheet is found in the 

ICP-MS folder on the LIPS computer and on the compact disk supplied with this thesis.  

It is named "ICP-MS reduction example".  To reduce a new set of data use the 

spreadsheet named "ICP-MS Template ELEMENT" 

 

 1)  First you must format the data.  To see the proper format examine the data for 

the BCR-1 standard starting in row 47 of the "Main" worksheet in the example 

spreadsheet.  The order of the elements shown here must be exactly reproduced.  The Si 

29 and Ca 44 cells do not need data.  It is important to note that the data for Ga 69, In 

115, Cs 133, and Tl 205 are intensity data and not ratios because they are the internal 

standards.  The rest of the data are ratios.  The ThO 248 is left blank for data from the 

ELEMENT. 

 2)  The next step is to input the appropriate weights for the standards in the 

worksheets named "Std values".  Put the data in the cells highlighted in blue for BCR-1, 

BIR-1, BE-N, and BHVO-1. 

 3)  Place the new data for the calibration standards in the appropriate cells (in 

Column A and B) in the "main" worksheet.  The graphs on the right will update 

automatically. 

 4)  Place the name of the samples and working standards in the appropriate cells 

in the "main" worksheet.  They are located starting a cell A:229 for W-2 and A:276 for 

the first unknown. 

 5)  Place the data for the working standards and unknowns into their cells within 

column A of the "main" worksheet.  Each REE graph will update automatically. 
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 6)  Input the sample wt., bottle tare, and total wt. into the appropriate cells found 

in column E of the "Rock Conc." worksheet. 

 7)  An important part of attaining the highest quality data is a careful evaluation 

of the values for the working standards and the calibration curves.  To evaluate the 

working standards look at the "Rock Conc. worksheet in the "ICP-MS reduction 

example" spreadsheet.  Notice the extra information to the right of the working standard 

data.  Located here are cells that calculate the difference between the measured values 

and the "UCD Ave values".  Cut and paste the information from these cells, beginning in 

column F to the same location in your spreadsheet.  Evaluate the % difference values for 

each element for each working standard.  Next evaluate the fit of the calibration curve 

found near the top right portion of the "main" worksheet for each element.  It is 

justifiable to remove a point from the calibration curve if doing so fulfills the following 

criteria.  Removing the point 1) improves the quality of the fit to the remaining points, 2) 

causes the resulting regression line to have a Y intercept closer to zero, 3) reduces the 

error for the working standards. 

 8)  Formatted data can be copied from the worksheet entitled "Formatted data" 

 *  Tables C.1, C.2, C.3, C.4 show the average values and standard deviations 

determined using both the ELEMENT and the ELAN-500 at U.C. Davis from June 1996 

to December 1999 for working standards W-2, AGV-1, 95358, and CL89-23b (Al). 
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APPENDIX C 

XRD TRACES 

 
Figure 49.  Clarke/Kennard hard clay XRD patterns  
XRD pattern of the hard bentonites, revealing the presence of Ca-Montmorillonite, Opal 
Cristobalite, Plagioclase and Quartz, with trace amounts of Biotite and Kaolinite. 
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Figure 50.  Clarke/Kennard soft clay XRD patterns 
XRD pattern of the soft bentonites revealing the presence of Ca-Montmorillonite, 
Orthoclase, Plagioclase and Quartz, with trace amounts of Biotite and Kaolinite.  Opal-
CT is absent from the soft clays. 
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Figure 51.  Clarke/Kennard lower mixed zone XRD patterns 
XRD pattern of the lower mixed zone revealing the presence of Ca-Montmorillonite, 
Orthoclase, Plagioclase and Quartz, Biotite and Kaolinite.  Larger mineral grains are 
present and Opal-CT is absent. 
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Figure 52.  Clarke/Kennard ash lens XRD patterns 
Sample C-3 is consistent with a low clay content volcanic ash.  Quartz, feldspar, 
kaolinite, biotite and pyrite are present in the ash lens. 
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Figure 53.  Clarke/Kennard upper mixed zone XRD patterns 
XRD pattern of the upper mixed zone, revealing the presence of cristobalite, orthoclase, 
plagioclase, quartz, talc, and kaolinite with minor amounts (~25%) of Ca-
montmorillonite.  Larger mineral grains are feldspar and cristobalite.  Opal-CT is absent. 
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Figure 54.  Clarke/Kennard ash zone XRD patterns 
XRD pattern of the ash zone revealing the presence of orthoclase, plagioclase, quartz, 
cristobalite, illite biotite and kaolinite with minor amounts (~25%) of Ca-montmorillonite 
and talc.  Larger mineral grains are feldspar and quartz.  Opal-CT is absent. 
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Figure 55.  Miller/McRorey yellow clay XRD patterns 
XRD pattern of the Miller/McRorey yellow bentonite, revealing the presence of feldspar, 
quartz, kaolinite, talc and Ca-montmorillonite.  Larger mineral grains are feldspar and 
quartz. 
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Figure 56.  McRorey brown clay XRD patterns 
XRD pattern of the Miller/McRorey brown bentonite, revealing the presence of quartz, feldspar, kaolinite 
and Ca-montmorillonite.  The brown bentonite contains significant amounts of quartz but lacks other 
sedimentary/volcanic minerals.  Larger mineral grains are feldspar and quartz. 
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Figure 57. McRorey Ash XRD patterns 
XRD pattern of the Miller/McRorey Ash revealing the presence of quartz, feldspar, siderite, kaolinite, 
barite, hematite, talc, paragonite, clinoptilolite, apophyllite and Ca-montmorillonite 
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APPENDIX D 

TRACE ELEMENT CONCENTRATIONS 

 
 
 
 
 
Table 7. Clarke/Kennard trace element concentrations (ppm) 
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Table 8. Miller/McRorey trace element concentrations (ppm) 
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APPENDIX E 

REE CONCENTRATION GRAPHS 

 

Figure 58.  Chondrite normalized REE patterns of all samples
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APPENDIX F 

REE CONCENTRATIONS 

 

Table 9.  Clarke/Kennard REE concentrations (ppm) 
 

Sample: La  Ce  Pr  Nd  Sm  Eu  Gd  Tb  Dy  Ho  Er  Tm  Yb  Lu  

C-0 42.24 69.86 6.58 20.03 3.25 0.45 3.76 0.52 3.27 0.68 2.06 0.31 2.10 0.30 

C-0 Dark (T4) 74.33 121.71 11.04 35.06 5.61 0.71 5.83 0.89 5.57 1.16 3.40 0.51 3.56 0.50 

C-0 Dark (T5) 72.50 115.87 11.13 33.26 5.59 0.75 5.58 0.85 5.47 2.14 3.42 1.54 3.68 0.51 

C-0 HB 55.79 92.84 8.71 27.03 4.35 0.59 4.92 0.70 4.43 0.93 2.77 0.43 3.17 0.40 

C-0 HB rr3 45.74 74.59 6.67 22.42 3.69 0.49 3.72 0.60 3.79 0.83 2.44 0.38 2.48 0.35 

C-0 Light (S4) 55.39 81.80 8.21 26.16 4.18 0.57 4.47 0.68 4.26 0.90 2.65 0.40 2.70 0.38 

C-0 Light (S5) 50.77 83.63 8.12 24.67 4.08 0.56 4.22 0.64 4.16 0.88 2.57 0.40 2.69 0.37 

C-0R 92.22 149.15 13.66 41.02 6.35 0.75 7.17 1.02 6.34 1.34 3.94 0.61 3.99 0.55 

C-0R(2) 92.27 149.64 13.71 41.17 6.36 0.74 7.18 1.02 6.37 1.36 4.04 0.62 4.12 0.56 

C0-rerun (V4) 55.81 90.52 8.32 26.46 4.24 0.57 4.53 0.69 4.30 0.95 2.67 0.46 2.86 0.39 

C0-rerun (V5) 54.61 91.09 8.42 25.68 4.30 0.59 4.31 0.70 4.33 0.90 2.64 0.41 2.74 0.39 

C-1 38.13 65.61 6.37 19.74 3.18 0.58 3.60 0.50 3.14 0.63 2.02 0.28 2.17 0.32 

C-1 (s) 50.06 88.26 8.58 26.59 4.26 0.62 4.83 0.69 4.25 0.93 2.74 0.46 2.92 0.43 

C-1(2) 47.19 81.70 7.91 24.48 3.94 0.71 4.43 0.62 3.81 0.84 2.47 0.43 2.63 0.38 

C-2  b2 24.91 41.68 3.73 12.07 1.90 0.27 1.85 0.30 1.86 0.43 1.39 0.24 1.77 0.28 

C-2 (s) 27.15 45.91 4.36 13.18 2.13 0.31 2.38 0.34 2.16 0.44 1.49 0.22 1.80 0.29 

C-2 (S)  b2 26.37 44.03 3.99 12.98 2.07 0.29 2.05 0.32 2.11 0.47 1.51 0.25 1.85 0.28 

C-3  b2 21.61 35.92 3.22 10.37 1.68 0.24 1.64 0.25 1.62 0.37 1.21 0.21 1.59 0.26 

C-3 (S)  b2 22.33 37.64 3.40 11.03 1.74 0.24 1.71 0.27 1.71 0.38 1.25 0.21 1.59 0.26 

C-4  b2 30.54 56.64 5.62 20.56 3.63 0.53 3.15 0.46 2.60 0.51 1.51 0.25 1.79 0.28 

C-4 (s) 29.23 56.65 5.86 20.17 3.63 0.55 3.43 0.45 2.46 0.43 1.36 0.20 1.59 0.25 

C-4 (S)  b2 33.09 62.36 6.30 23.30 4.16 0.60 3.57 0.52 2.79 0.54 1.58 0.25 1.89 0.28 

C-5  b2 29.13 63.33 6.56 23.79 4.06 0.57 3.06 0.44 2.52 0.53 1.64 0.27 1.97 0.31 

C-5 (S)  b2 57.10 140.71 15.75 59.04 10.15 1.29 6.80 0.90 4.74 0.92 2.59 0.39 2.79 0.41 

Cl2 Clay(O4) 147.89 305.25 34.81 116.54 19.80 2.53 16.00 2.17 11.09 1.92 5.14 0.69 4.47 0.56 

Cl2 Clay(O5) 153.51 320.53 35.05 111.31 19.89 2.50 15.25 2.13 11.25 1.93 4.95 0.70 4.51 0.59 

Cl2 Clay 02(O4) 147.89 301.40 34.13 114.57 19.38 2.49 15.43 2.12 10.91 1.90 4.93 0.67 4.34 0.56 

Cl2 Clay 02(O5) 151.44 316.68 34.82 110.62 19.52 2.46 14.86 2.05 10.88 1.87 4.78 0.68 4.40 0.54 

Cl2A 17.70 29.40 2.71 7.83 1.26 0.19 1.28 0.16 1.00 0.16 0.70 0.08 0.99 0.16 

Cl2A (P4) 34.30 53.59 4.79 14.92 2.56 0.36 2.55 0.39 2.55 0.60 1.87 0.36 2.61 0.40 

Cl2A (P5) 31.96 50.17 4.54 13.65 2.29 0.35 2.24 0.37 2.38 0.52 1.70 0.30 2.43 0.38 

Clarke2 44.96 83.81 8.60 29.03 5.20 0.79 5.16 0.71 4.05 0.77 2.17 0.34 3.04 0.35 

MAX 153.51 320.53 35.05 116.54 19.89 2.53 16.00 2.17 11.25 2.14 5.14 1.54 4.51 0.59 

MIN 17.70 29.40 2.71 7.83 1.26 0.19 1.28 0.16 1.00 0.16 0.70 0.08 0.99 0.16 

Std Dev 40.00 84.65 9.69 31.81 5.56 0.69 4.16 0.56 2.86 0.53 1.21 0.26 0.98 0.11 
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Table 10.  Clarke/Kennard REE ratios 
 

 

 

 

 

 

 

 

 

 

 

Sample: Y  Zr  Nb  La/Yb Yb/Lu Nb/Y Zr/Nb
 

(Sm+Gd)/2 
C-0 31.01 67.72 11.74 20.12 7.09 0.38 5.77 3.51 
C-0 Dark (T4) 41.59 96.04 14.64 20.88 7.14 0.35 6.56 5.72 
C-0 Dark (T5) 41.85 75.16 14.54 19.71 7.25 0.35 5.17 5.59 
C-0 HB 32.35 62.99 13.51 17.62 8.01 0.42 4.66 4.64 
C-0 HB rr3 29.92 88.52 12.91 18.43 7.12 0.43 6.86 3.70 
C-0 Light (S4) 36.19 98.12 15.37 20.48 7.20 0.42 6.39 4.33 
C-0 Light (S5) 34.69 97.88 14.96 18.91 7.19 0.43 6.54 4.15 
C-0R 44.39 118.17 19.92 23.13 7.27 0.45 5.93 6.76 
C-0R(2) 42.97 113.44 19.27 22.40 7.42 0.45 5.89 6.77 
C0-rerun (V4) 34.45 97.08 13.80 19.52 7.38 0.40 7.03 4.38 
C0-rerun (V5) 33.79 75.66 13.58 19.96 6.97 0.40 5.57 4.31 
C-1 23.17 85.93 19.51 17.54 6.80 0.84 4.41 3.39 
C-1 (s) 29.62 105.77 23.81 17.17 6.73 0.80 4.44 4.55 
C-1(2) 29.76 112.09 24.67 17.92 6.91 0.83 4.54 4.18 
C-2  b2 24.06 121.01 25.76 14.07 6.39 1.07 4.70 1.88 
C-2 (s) 24.87 93.64 21.69 15.09 6.28 0.87 4.32 2.25 
C-2 (S)  b2 23.72 111.51 24.22 14.23 6.61 1.02 4.60 2.06 
C-3  b2 21.61 114.53 24.59 13.60 6.17 1.14 4.66 1.66 
C-3 (S)  b2 21.52 107.04 23.68 14.04 6.12 1.10 4.52 1.72 
C-4  b2 24.61 103.90 23.58 17.05 6.47 0.96 4.41 3.39 
C-4 (s) 24.32 84.15 20.05 18.43 6.36 0.82 4.20 3.53 
C-4 (S)  b2 25.95 106.32 24.34 17.54 6.70 0.94 4.37 3.86 
C-5  b2 25.15 108.01 22.96 14.82 6.42 0.91 4.71 3.56 
C-5 (S)  b2 37.44 128.45 25.64 20.48 6.76 0.69 5.01 8.47 
Cl2 Clay(O4) 53.10 141.78 41.58 33.05 7.96 0.78 3.41 17.90 
Cl2 Clay(O5) 52.69 129.36 41.92 34.04 7.66 0.80 3.09 17.57 
Cl2 Clay 02(O4) 52.89 139.71 40.95 34.04 7.71 0.77 3.41 17.41 
Cl2 Clay 02(O5) 53.04 129.65 41.69 34.42 8.20 0.79 3.11 17.19 
Cl2A 14.04 86.11 21.78 17.80 6.08 1.55 3.95 1.27 
Cl2A (P4) 29.35 109.99 23.52 13.15 6.45 0.80 4.68 2.55 
Cl2A (P5) 29.65 95.50 24.09 13.17 6.40 0.81 3.96 2.26 

Clarke2 27.76 98.24 22.69 14.79 8.69 0.82 4.33 5.18 
MAX 53.10 141.78 41.92 34.42 8.69 1.55 7.03 17.90 
MIN 14.04 62.99 11.74 13.15 6.08 0.35 3.09 1.27 

Std Dev 10.32 19.49 8.43 6.09 0.65 0.29 1.06 4.84 
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Table 11.  Miller/McRorey REE concentrations (ppm) 

 

Sample: La  Ce  Pr  Nd  Sm  Eu  Gd  Tb  Dy  Ho  Er  Tm  Yb  Lu  

McA 15.81 31.62 3.67 12.90 2.49 0.54 2.40 0.34 2.10 0.41 1.29 0.18 1.41 0.21 

McBA (R4) 35.47 66.03 7.96 29.18 5.40 0.81 4.91 0.75 4.46 0.91 2.76 0.42 2.94 0.44 

McBA (R5) 34.10 67.99 7.90 27.56 5.48 0.80 4.70 0.72 4.42 0.91 2.63 0.42 3.03 0.44 

McBC (Q4) 57.25 112.93 13.80 51.21 9.66 1.27 8.69 1.32 7.63 1.54 4.31 0.63 4.18 0.57 

McBC (Q5) 53.42 114.49 13.40 46.87 9.37 1.25 8.20 1.25 7.41 1.48 4.06 0.61 4.08 0.56 

McY (L)(2) 48.69 110.30 12.62 43.81 8.50 1.11 7.71 1.08 6.19 1.24 3.32 0.54 3.02 0.41 

McY(L) 49.36 111.90 12.72 45.27 8.62 1.14 7.86 1.10 6.24 1.23 3.38 0.51 3.05 0.41 

McYc (P) 72.45 155.75 17.28 67.29 12.65 1.58 10.50 1.58 9.52 1.92 5.37 0.76 4.86 0.66 

McYc (P) (S) 78.24 167.40 18.72 72.45 13.71 1.65 11.25 1.71 10.29 2.09 5.79 0.83 5.32 0.71 

MiBC1 48.69 109.21 12.28 44.48 8.56 1.16 7.99 1.16 6.75 1.34 3.78 0.56 4.09 0.51 

MiBC1(2) 47.89 107.03 11.99 43.39 8.32 1.13 7.79 1.12 6.56 1.28 3.62 0.54 3.94 0.50 

MiYc 43.63 95.89 10.90 38.54 7.42 0.91 6.84 0.98 5.79 1.16 3.28 0.51 3.09 0.42 

MiYc 65.88 143.44 16.09 59.03 11.22 1.35 10.25 1.49 8.84 1.75 4.94 0.72 4.31 0.62 

MiYc (U4) 66.87 142.96 16.54 60.50 11.11 1.31 9.57 1.45 8.23 1.63 4.37 0.62 3.86 0.50 

MiYc (U5) 64.83 140.80 16.61 57.12 11.05 1.32 9.02 1.39 8.10 1.67 4.28 0.69 3.90 0.52 

MiYc rr3 57.08 121.83 13.41 51.66 9.91 1.18 8.39 1.30 7.85 1.65 4.66 0.67 4.27 0.57 

MiYc(2) 64.24 139.87 16.20 57.56 10.81 1.30 9.92 1.44 8.49 1.70 4.78 0.70 4.12 0.60 

MAX 78.24 167.40 18.72 72.45 13.71 1.65 11.25 1.71 10.29 2.09 5.79 0.83 5.32 0.71 

MIN 15.81 31.62 3.67 12.90 2.49 0.54 2.40 0.34 2.10 0.41 1.29 0.18 1.41 0.21 

Std Dev 15.58 34.80 3.89 14.99 2.79 0.28 2.28 0.35 2.04 0.42 1.11 0.15 0.90 0.12 
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Table 12.  Miller/McRorey REE ratios 
 

Sample: Y  Zr  Nb  La/Yb Yb/Lu Nb/Y Zr/Nb
 

(Sm+Gd)/2 
McA 18.45 217.36 19.29 11.23 6.68 1.05 11.27 2.45 
McBA (R4) 36.25 234.63 34.83 12.05 6.69 0.96 6.74 5.16 
McBA (R5) 34.85 266.07 34.59 11.27 6.82 0.99 7.69 5.09 
McBC (Q4) 51.98 289.26 28.76 13.71 7.37 0.55 10.06 9.17 
McBC (Q5) 49.00 316.06 27.57 13.08 7.28 0.56 11.46 8.79 
McY (L)(2) 34.40 305.71 17.81 16.14 7.45 0.52 17.17 8.11 
McY(L) 35.62 319.38 18.65 16.20 7.42 0.52 17.12 8.24 
McYc (P) 49.64 304.52 19.48 14.90 7.42 0.39 15.63 11.58 
McYc (P) (S) 56.33 311.60 21.05 14.70 7.51 0.37 14.80 12.48 
MiBC1 43.03 286.30 25.49 11.91 8.02 0.59 11.23 8.28 
MiBC1(2) 40.90 271.34 24.15 12.16 7.92 0.59 11.24 8.05 
MiYc 34.32 244.12 13.48 14.12 7.34 0.39 18.11 7.13 
MiYc 48.29 339.53 20.28 15.28 6.92 0.42 16.74 10.73 
MiYc (U4) 46.07 347.07 23.29 17.33 7.71 0.51 14.90 10.34 
MiYc (U5) 42.15 360.06 21.48 16.64 7.52 0.51 16.76 10.04 
MiYc rr3 43.24 293.57 18.77 13.36 7.44 0.43 15.64 9.15 

MiYc(2) 44.95 314.40 18.83 15.59 6.82 0.42 16.69 10.37 
MAX 56.33 360.06 34.83 17.33 8.02 1.05 18.11 12.48 
MIN 18.45 217.36 13.48 11.23 6.68 0.37 6.74 2.45 

Std Dev 8.93 39.20 5.85 1.95 0.40 0.21 3.55 2.53 
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APPENDIX G 

ALTERATION TREND ANALYSIS 

 

The intent of Alteration Trend Analysis is to describe quantitatively the 

concentration of each REE with respect the other REE as the deposit alters from ash to 

clay.  In doing so, it allows the prediction of REE concentrations and ratios between 

samples and outside of the sample set.     

Arranging samples in order of element concentration (element concentration on 

the Y axis, sample on the X axis) shows that the REE concentrations follow qualitative  

trends (Figure 59).  To determine quantitative trends the samples have to be arranged 

mathematically.  Arranging the samples by average Ratio Position reveals strong 

correlations using linear fits to the data (Figure 60). 

The graphs trace the expected concentration of each REE relative to the other 

REE as the ash is altered to bentonite.  The alteration of glass to bentonite results in 

relative enrichment of all REE, implying that the element trends are determined by 

dilution as well as fractionation.  Simply put, as Si is removed from the glass during 

alteration, the relative concentrations of all other constituents (including REE) increase.  

This coupled with REE fractionation results in the sub-parallel REE patterns seen in 

Figure 29 - Figure 32.  By depicting the element concentration of each REE with respect 

to each other REE, the element trends in fact describe the REE ratios between each 

element continuously without the error propagation introduced by calculating the ratios. 

To verify that alteration trends in REE are not artifacts unique to the Gonzales 

bentonites, Alteration Trend Analysis was applied to bentonites from areas studied by 

other researchers.  In all cases concerning related bentonites (and kaolinite), REE trends 

are obvious.   Data published by Galan et al. (2007) and Ddani et al. (2005) in particular, 
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reveal that the REE compositions of known source rocks also fit the element trends 

(Figure 61).  This implies that Alteration Trend Analysis could be a viable method for 

matching bentonites to volcanic sources, particularly where incomplete datasets are 

concerned. 

The linear REE trends of the Clarke/Kennard deposit improve significantly if the 

data is separated by pit (Figure 40).  The stronger linear fits of the separated REE 

concentrations implies that each deposit experienced a distinct alteration history, perhaps 

as a result of interacting with groundwaters with different pH’s and available ligands in 

the environment.  As the white and blue bentonites may have experienced respective oxic 

and anoxic alteration conditions, REE trends would have been affected differently.  The 

Miller/McRorey pits display strong indistinguishable trends when arranged by Ratio 

Position, implying that both pits experienced the similar fractionation. 

Alteration Trend Analysis is a potentially powerful genetic fingerprinting method 

however care must be taken to establish that samples have undergone no more than a 

single episode of alteration as multiple stages of alteration could render the trends 

meaningless.  In addition, a range of samples in various states of alteration is required, as 

a larger alteration profile with few samples renders more reliable trend than a multitude 

of similarly altered samples. 
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Figure 59.  Clarke/Kennard samples arranged by REE concentration. 
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Figure 60.  REE linear fit correlation coefficients (R2) 
Linear fits of each REE when the samples are arranged by Ratio Position. 
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Figure 61.  Fractionation trends in published data 
Ratio Positioning reveals fractionation trends in published data in addition to the 
Gonzales samples. 
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APPENDIX H 

NAVDAT MATCHING 

Data acquisition 

 

The NAVDAT contains thousands of geochemical analyses of igneous rocks of 

all ages.  To efficiently use the NAVDAT samples should be limited to an appropriate 

set.  For this investigation the following limits were used; 

 

1) The maximum or minimum age of the NAVDAT sample must fall between 37 

Ma and 32 Ma. 

2) NAVDAT Samples must originate to the West of the Gonzales deposits (see 

Figure 43). 

 

Data filtering 

 

To further constrict the NAVDAT results to useable samples the following steps 

were undertaken. 

 

1) Remove REE concentrations with negative values. 

2) Remove samples with fewer than 4 REE. 

3) Remove samples of intrusive rocks. 

 

(For filtered NAVDAT results used for matching see Table 15 -Table 20) 
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Data analysis 

 

The first step of the data analysis is to calculate the Ratio Positions for the ash 

samples.  Ash sample REE concentrations are ratioed to the average REE concentrations 

(Table 13). 

REE trends are plotted using the Ratio Positions of each sample (Figure 62).  Line 

equations from the REE trends allow an expected REE concentration to be calculated for 

any Ratio Position.  With expected and actual REE concentrations various measures of 

error can be calculated to screen potential Navdat matches.  

 

Calculating error 

 

Error is calculated by taking the difference between the expected REE 

concentration of the trend and the actual REE concentration, and dividing it by the REE 

concentration of the trend.  For example, at a given Ratio Position, the REE concentration 

of the trend is 10 ppm.  A sample with a REE concentration of 5 at the same Ratio 

position would have an error of 0.5, or 50%.  (10-5)/10 = 0.5 

To qualify as potential matches the NAVDAT samples have to satisfy four 

criteria; Maximum Error, Average error, Ratio position and Position consistency. 

 

Maximum error 

 

The maximum error is a measure of the REE in a sample with the worst match.  It 

is determined as the maximum of all the REE errors in a sample.  Samples with a high 

maximum error are unlikely to have REE patterns that match visually. 
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Average Error 

 

 The average error is a general measure of how well the sample matches the 

trends.  It is determined by taking the average of all the REE errors in a sample.  Samples 

with low average errors are likely to match the trends visually. 

 

Average Ratio Position 

 

The average Ratio Position is determined by taking the average of the Ratio 

Positions calculated for each REE in a sample.  Ratio Positions of source volcanics are 

expected to be close to 1, although source matches with Ratio Positions as high as 1.5 

have been observed in data published by Ddanni et al. 2005.  

 

Position consistency 

 

Position consistency is determined by the difference in Ratio Positions for each 

REE divided by the average Ratio Position.  When REE trends have a low slopes (such as 

some of the HREE) then the maximum errors could be low even though the sample does 

not fit the trends overall.  The position consistency is a general measure of how well the 

REE in a sample fit the REE trends of the ash. 

 

Criteria cutoff selection 

 

Determining matches statistically allows large numbers of samples to be screened 

objectively.  Cutoff values were determined from the ash samples to evaluate matches 

statistically (Table 14).  The cutoffs were further verified using data published by Ddanni 

et al. 2005. 
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Interpretation 

 

Four of the available NAVDAT samples satisfied the criteria cutoffs of the 

Gonzales ash trends (Figure 63).  Of the four samples, only one has the full suite of REE 

available.  Pattern analysis indicates that the resulting NAVDAT matches appear to be 

reasonable (Figure 64).  For the matching and additional NAVDAT samples see Table 15 

- Table 20. 

 

Limitations of the NAVDAT database for this study 

 

 The attempt to match the Gonzales bentonites to their sources using the 

NAVDAT database was hampered by the incomplete and varying quality of previous 

REE data.  Further, the NAVDAT has numerous cases where sample metadata entries do 

not match their original publications.  
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Table 13.  Average Ratio Positions for the Gonzales ash samples. 
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Figure 62. REE trends of the Gonzales ash samples. 
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Table 14. Cutoffs of the Gonzales ash samples 
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Figure 63. Gonzales ash samples with NAVDAT matches. 
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Figure 64. REE patterns of the Gonzales ash samples and NAVDAT matches. 
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Table 15. NAVDAT data used for matching (1). 
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Table 16. NAVDAT data used for matching (2). 
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Table 17. NAVDAT data used for matching (3). 
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Table 18. NAVDAT data used for matching (4). 
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Table 19. NAVDAT data used for matching (5). 
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Table 20. NAVDAT data used for matching (6). 
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