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ABSTRACT 

This research concernsthe weathering ofcarbonate bedrock and subsequent 

genesis and properties ofcarbonate-derived residuum in Knox Coimty,Tennessee. The 

carbonate-derived residuum evaluated in this study is classified as an Ultisol,and 

comprises up to 11 m ofregolith overlying MascotFm.dolostone bedrock within the 

Valley and RidgeProvince ofEastTennessee. Morphological,textural,geochemical, 

and mineralogical analyses were performed on entire soil profiles and subjacentbedrock 

from core samples retrieved from 7boreholes. Findings ofthis research reveal thatthe 

regolith is derived primarily from extensive weathering ofthe parentbedrock,but with 

evidence ofsubstantialreworking ofmaterials byflowing water,slope movementand 

pedogenesis,and possible inputsofmaterial from other sources thatinclude the overlying 

bedrock(Chickamauga Group). The occurrence ofat least one paleosolfound nearthe 

base ofborehole 1 further supports this assertion. Based upon data thatinclude mass-

balance calculations for strain(volume change),translocations ofclay-constituent 

elements(relative to Ti02),as well as physical characteristics ofimderlying MascotFm. 

bedrock thatincludes percentages ofinsoluble residues and estimated thickness ofthe 

bedrock atthe study site,it is apparentthatthe MascotDolomite is a primary parent 

material for these soils. However,much clay has beenintroduced and translocated 

during soil genesis,and can only be accounted for bythe addition ofmaterials from 

outside(and stratigraphically overlying)sources in conjimction with the weathering of 

extensive thickness ofdolostone bedrock. A multi-stage,2-D conceptual modelhasbeen 

proposed to accountfor long-term Ultisol maturation within a dynamic geomorphic 

surface. Boundaries between genetic units within the soil residuum and overlying 
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colluvium have been homogenized byadvanced Ultisol pedogenesis,however,they are 

still detectable upon close inspection. Furthermore,results suggest that pore structure 

and macroporosity occlusion is mostdependenton illuviation ofpedogenic clays and 

precipitation ofmineral precipitates,which commonlyextend from2m depth down to 

the bedrock contact. 
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1.0INTRODUCTION 

This research concerns the weathering ofcarbonate bedrock and subsequent 

developmentofphysical and chemical properties ofthe carbonate-derived residuum. 

Traditionally,two major soil groups develop on carbonate-derived residuum: dark 

Rendzina-like soils,which are typicallyfmmd in areas with relatively shallow depths to 

bedrock,and Terra Rossa-like soils which are characterized byred and yellow colors in 

theB horizons and commonlyextend to depths exceeding several meters. The Terra-

Rossa-like soils arecommonin the southem portions ofthe United States,including large 

areas in Tennessee,Kentucky,Virginia,and Missouri(Soil Survey Staff, 1994). Manyof 

these soils are classified as Ultisols or Alfisols and are amongthe deepest and mostclay-

rich soils in the southeastem U.S.(Miller,1972;Moneymaker,1973). The carbonate-

derived residuum evaluated in this studyis typical ofTerra-Rossa-like soils,and 

comprises up to 11 m ofregolith overlying dolostone bedrock within the Valley and 

RidgeProvince ofEast Tennessee. 

The soiltype present at the field site is classified atthe order level as an Ultisol. 

In general,pedologists define Ultisols as mineral soils oftemperate to tropicalregions 

having a well-developed argillic horizon and low base saturation(FitzPatrick,1983; 

Fanning and Fanning,1989). Additional characteristics ofUltisols include geologically 

old landscapes and parent matenals having developed in moisture regimes where 

precipitation exceeds potential evaporation during a portion ofmost years(Buolet al., 

1997). The maturityofUltisols often leads to extensive horizonization(A,B,B/C,and 

C)ofthe weathered material. 



Studies haveshown that soil formation and properties are closely related to their 

parent materials(Retallack,2001). For most siliciclastic rocks,a transitional phase of 

soil developmentinvolves the formation ofsaprolite(Cr horizon). In general,saprolite is 

defined as rotten,fiiable,isovolumetrically weathered bedrock,having characteristics of 

both soil and rock. Saprolite has beenfound to retain original structure and sedimentary 

layering,while also containing soil features such as high matrix porosity,translocation or 

illuviation ofclays,precipitation ofFe/Mn oxides,and bioturbation(Becker,1895; 

Hatcher et al., 1992;Stolt and Baker,1994;Smith,2001;Driese et al.,2001). This 

differs markedly when compared to carbonate rock weathering,wherebyinsufficient 

quantities ofinsoluble residues are presentfor weathering processes to form saprolite. 

Instead,weathered material adjacentto carbonate bedrock is generally oftwoforms: 

discontinous thinly banded(< 1.5 cm)zonesin the lowermost 1-2m ofresiduum that 

somewhatresemble sedimentaryrelict bedding,or silty clayzones with no presence of 

banded material or relict bedding(Miller, 1972). 

Genesis ofUltisols has been the subjectofmuch debate. One view on Ultisol 

genesis suggests thatthey result fi-om podzolization,which involves extensive acidic 

leaching,destruction ofclay and additions ofFe-oxide and oxyhydroxide precipitates. 

Lessivage,orthe downward translocation ofclay-size particles derived from weatherable 

minerals in A andEhorizons,is capable ofproducing argillic horizons(Bt)necessaryfor 

Ultisol development(Buol et al., 1997). Simonson(1949)argued thatlessivage 

processes alone do notprovide adequate explanationsfor horizon differentiation,and 

described Ultisol genesis in termsofclay mineralformation and destruction. The 

primary basisfor his argumentconcemsthe insufficient thickness ofclay-poorA horizon 
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material needed for developmentofclay-nch Bthorizons that dominatethe soil profile. 

Furthermore,Simonson(1949)concluded that the dominantprocessesinvolved m soil 

development are the formation ofsilicate clay minerals from insoluble residues nearthe 

zoneofrock disintegration,and hydrolysis-driven destruction ofclay minerals in the 

upper horizons. A contradictory interpretation involves the alterations ofminerals in-situ 

within theC horizon and throughoutthe solum,which is responsible forthe majority of 

the total clay mineral content(McCaleb,1959). Ballagh and Runge(1970)agree thatin 

manycases the thickening ofargilhc horizons is due to illuviation ofclays. However, 

they suggested thatthe source ofthe illuviated clays mustbe derived from parent 

materials other than the underlying carbonate bedrock. Their conclusion is based upon 

differences in clay mineralogy and clay size-fractions in both the limestone rock and 

overlying residuum. 

Studies concerning the properties ofcarbonate-derived residuum provide 

information pertaining to soil morphology,texture,chemistry,and clay mineralogy. 

Unfortunately,the majority ofresearch investigating Ultisol residuum properties is 

limited to the upper2m ofthe solum,and few studies include the subjacent carbonate 

bedrock. For example,Alexander et al.(1939)evaluated 10 soils developed from 

limestones in various southeastem states(as well asPennsylvania and Maryland). Their 

research revealed an increase m clay and Fe203 with increasing depths(down to2m 

depth). In mostprofiles,theB horizon exhibit alumina ratios ranging from 1.88 to 2.43. 

Alexander et al.(1939)estimated the depth to bedrock in mostplaces to be 

approximately8m. Morgan and Obensham(1942)collected chemical data for3soils 

(Hagerstown,Clarksville,and Pisgah)developed from limestone and dolostone in 
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Virginia. Mass-balance measurements calculated for the parentrock and residuiun 

samples indicate net losses ofTi02,Fe203 and AI2O3in the majority ofthe soil horizons. 

They also noted thatthe Hagerstown residuum contained up to 75%clay between 1-1.5 

m depth. 

Pearson and Ensminger(1949)documented the types ofclay minerals presentin 

the uppermost 1.2m oflimestone residuum classified as Decatur series in northeastern 

Alabama. Their results indicated that kaolinite wasthe dominantclay mineral,with 

lesser quantities ofillite presentin the clay fi-action. In addition,theyfoimd thatthe 

percentages ofkaolinite increased with depth,which wasinversely correlated to the 

amoimtofquartz present atthe same depths. Additional research concerningresiduum 

properties ofthe uppermost2m ofapparently carbonate-parented soils supportthe 

aforementioned findings,which indicate an increase in both overall clay and kaolinitic 

clay content,and in Fe-oxides concentrations with increasing depths(Simonson,1949; 

Jeffries et al., 1953;Brydon and Marshall,1958;Nash,1963;Mubiru,1994). Although 

rare,Ultisol studies thatincluded carbonate bedrock samplesrevealed thatthe majority of 

the insoluble residues consistofsignificant amountsofillite and lesser quantities ofHIV 

and kaolinite(Miller,1971;Plaster and Sherwood,1971). 

Based upon previous literature, general characteristics ofcarbonate-derived soil 

residuum includelow pH and base saturation,intense leaching,varying concentrations 

and types ofclay minerals presentthroughoutthe solum and bedrock,and potential for 

significant soil thickness. Despite the widespread occurrence ofthese soils throughout 

the southeastern United States literature on the thickness and residuum properties at 

significant depthsis scarce,as well as on relationships betweenthe residuum and 
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underlying carbonate rock. This deficiencyis due,in part,to geologists typically 

ignoring residuum in their studies,and the majority ofsoils research being limited to <2 

m depth and rarely including the subjacent bedrock. Someofthe major questions 

concerning carbonate soil developmentinclude the following: Does sufficient insoluble 

residue exist within the parent material(carbonate bedrock)to accountfor the thickness 

ofoverlying clay-rich residuum(ifformed in-situ)? Ifnot,are these soils polygenetic 

accumulations ofresidua derived from various parent materials? Do soil structure, 

texture,morphology,etc.reveal similar trends/properties at significant depths? Are there 

anyfeatures suggesting colluvial and/or alluvial additions to the soil profiles? Ifso,has 

the substantial maturation ofthese soils resulted in alteration and later homogenization of 

these materials,therebycomplicating the abilityto accurately identify their origin? Does 

slope position and proximityto prominentsinkholes affect the overall thickness and 

distribution ofpedogenic clay? 

Theintentofthis study is to gain information pertaining to these questions by 

evaluating and comparing the morphological,textural,geochemical,and mineralogical 

properties ofdolostone-derived residuum and parent material. Two hypotheses forthe 

origin ofthese Terra Rossa-like Ultisols,which are to be tested in this study are(Fig. 1): 

1) The soils formed in-situ as simple residuum from carbonate bedrock, 
weathenng from the top down. 

2) The soils are polygenetic in ongin,andformed from both carbonate-derived 
residuum as well as from overlying non-carbonate stratigraphic units and 
repeated inputs ofcolluvial- and/or alluvially-derived materials that weathered 
on adynamic geomorphic surface. 
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Figure 1: Conceptual modelshowing two possible modesofsoil development. 
Hypothesis 1)In-situ clayformation and accumulation on dolostone parent matenal,and 
2)Polygenetic assemblage representing multiple soils and inputs. 

Corollary hypotheses for this studysuggest that infilling ofpedogenic clay and mmeral 

precipitates in the subsurface along macropore walls,ped faces and firactures are 

extensive,and serve as a major control on macropore structure and size in areas with soils 

underlain bycarbonate bedrock. Furthermore,the percentage ofclay is expected to 

graduallyincrease with depth due to the illuviation ofclay within the subsurface. 

The principal objectives ofthis study are to documentthe overall weathering transition of 

dolostone bedrock to residuum fi*om the measurementofphysical and chemical 

properties ofan entire profile ofresiduum and soil developed on dolostone bedrock,and 



to compare these properties to the conceptual modelsfor genesis ofcarbonate-derived 

residuum and soils(MascotDolomite;Lower Ordovician). Evidence ofa polygenetic 

origin for this residuum should include identifiable paleosols and colluvial/alluvial 

deposits,as well as micromorphologicalindicators ofreworking ofmaterials,such as 

claypapules,multiplezonesofformation and deposition ofpedogenic clay. Additional 

evidence for polygenetic assemblage mayinclude geochemical discontinuities within the 

residuum profile indicative ofexposure and/or deposition ofmaterials not locally derived. 



2.0LOCATIONANDPEDOLOGICAL/GEOLOGICALSETTING 

Thisstudy analyzed the residuum derived from the Mascotand Kingsport 

Dolomite(Lower Ordovician)atthe Strong Farm site,in northeastern Knox Coimty, 

Tennessee(Fig.2). The site is approximately9km northeastofthejunction of1-40 and 

RutledgePike(US-1IW),and occurs on well-drained and clay-rich Ultisols within the 

humid and sub-tropical climate ofthe southeastern U.S.,where optimal weathering and 

thickness ofsoil profile developmentoccurs.The land cover is mostly pasture with a 
r 

mixture ofgrasses and shrubs,but would have been dominated byhardwoods prior to 

European settlement. Wooded areas consisting ofpines and hardwoods also occurin 

relatively close proximityto the study sites. Much ofthe site is dominated bykarst 

topography and local drainages that emptyinto the nearby Holston River(Fig.3). The 

soils(i.e.,borehole locations)were sampled atthe previously mentioned geomorphic 

positions(ridge top,toe ofslope,etc.). The landscape consists ofdeforested,moderately 

(5to 12%)dipping slopes nearthe coordinatesN 36°03'02"latitude and W83°47'13" 

longitude(Fig.2). Soils at this site are mapped asDewey Series,and are 

characteristically well drained and very deep(> 1.5 m;Soil Survey Staff, 1994).The 

taxonomic classofthe soils is a fine,kaolinitic,thermic,TypicPaleudult. Soil surveys 

conducted onDewey Series soils generally exhibit gradational boundaries between soil 

horizons. Below approximately50cm depth,soil horizons characteristically exhibit very 

high clay content. Other dociunented features for Dewey Series soils includes distinct 

clay films(illuviated clays)as pore linings and on ped faces at variable depths. 
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Figure 2:Topographic map offield site showing geological overlay in red(Ok= 
Kingsport Formation;Oma=Mascot Formation),and borehole locations in blue.Cross-
dip slope transect:B1 through B4;Dip slope transect:B7through OCP,outcrop. 



Sinkhole 

B3B 

a« 2B£2Sr2 
Figure 3: A)Photograph taken from site near ridge-top location(B3)looking northeast. 
Note prominent sinkhole in background. B)Photograph taken from B3looking west-
northwest. 

Originally described by Oder and Miller(1945),the presumed parent lithologies 

for soils at the study site are the Mascot and Kingsport Formations(UppermostKnox 

Group),which consistofa light gray to grayish-brown,massively bedded fine-grained 

dolostone,with thin interbeds ofchert and minor interbeds ofshale,siltstone and 

sandstone(Walker,1985). The thickness ofthis stratigraphic unit ranges from 75-203 m. 

The fine-grained lithofacies within the MascotFm.are interpreted to represent 

penecontemporaneous dolomitization in upper intertidal to supratidal environments 

(Walker,1985). The Knox unconformity,which rests atop the MascotFm.,marks a 

major break between the Knox Group and later Middle Ordovician carbonate/clastic 

sequences ofthe Chickamauga Group. Subaerial exposure,solution-collapse structures 
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and developmentofapaleohydrologic system during the depositional hiatus(and prior to 
I 

deposition ofoverlying Middle Ordovician carbonates)are well-documented 
I 

distinguishing characteristics ofthe Mascotand KingsportFormations(Harris,1971). 
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3.0METHODS 

3.1 Soil Coring and Macromorphology 

Afterthe field site waschosen,a test borehole(B6)was hand-augered to a 

maximimidepth of~3meters using a soil sampling field kit. Pedologic observations 

were madein the field,and soil cores were taken at various depths. Additionally,further 

sampling involved6boreholes along the previously mentioned transects at various slope 

positions(Fig.2). The coring wasconducted byGEOTEKDrilling Company,Inc.,using 

a hydraulically driven,direct push technology(DPT)rig that provided continuous2inch 

diametersamplesin4ft. acetate liners. The boreholes were advanced to refusal depths, 

which wasassumed to be the top ofbedrock. The macromorphologyofthe core material 

waslogged using current Soil Survey Staff(1996)description/classification guidelines 

and Munsell charts during thesummerof2003(Appendix A). Characterization included 

sub-sampling for determination ofgravimetric watercontent(Appendix B),thin-section 

preparation,particle-size analysis using an X-ray disk centrifuge(XDC)method, 

elemental chemistry using an X-rayfluorescence(XRF)method,and clay mineralogy 

from X-ray diffraction(XRD). 

3.2Thin-Sections and Micromorphology 

For laboratory analyses,19 oriented samples were selected from the boreholesfor 

professionally prepared thin-sections and micromorphologic observation. Soil cores were 

impregnated with boatresin and then dry-sawed in the laboratory in order to better 

preserve the intemal structure and fabric,and provide detailed observations ofthe 

sampled residuiun. Thesamples were selected to offer broad soil horizon coverage of 

boreholes 1 and 4,and also to target any significant horizon or potential alluvial or 
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colluvial interbeds(Appendix C). Petrographic observations include a detailed 

description ofmacropore structure,texture,composition,cementation and alteration of 

grains. In addition,the distributions ofpedogenic clays and mineral precipitates were 

petrographically"mapped"within the soil horizons based on color,relative age,and 

orientation(and concentration)within both macropores and matrix material. Estimations 

and percentages ofpetrographic features were performed using image-comparison charts. 

3.3 Physical Characteristics ' 

Soil physical measurements,including particle size analysis,bulk and particle 

density were performed on23to 25 sub-samples from boreholes 1 and4(Appendix D). 

Bulk density was determined bythe paraffin clod method(Blake and Hartge,1986; 

Appendix E). Gravimetric water content measurements(Scott,2000)were conducted on 

sub-samples collected at 10cm intervals forthe uppermostcore material,and then at20 

cm intervals for the lowersubsoil material. Particle size analysis was carried outon 15 

gram sub-samples using aBrookhaven Instruments X-ray disk centrifuge(XDC)system 

(Appendix D). This method allowed forthe measurementofdetailed particle size 

(mass/volume)distribution for samplescontaining very fine particles(as fine as 0.01 

pm). It is based on the attenuation ofX-raybeams passing through a 15 mLsuspension 

ofDIwater and soil material that is being accelerated in a centrifuge. 

I 

3.4 Geochemistiy and Mineralogy 

Bulk geochemical analysis was performed on25 sub-samples(including Mascot 

Dolomite bedrock)using an X-rayfluorescence(XRF)analyzer. Analyses were carried 

outon5gram samples that were powdered and dried at60°Cand then pressed into 

pellets. The pellets were analyzed for selected major,minor and trace elements using a 
I 
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Philips MagixPRO wavelength-dispersive X-rayFluorescence(XRF)Analyzer(Singer 

and Janitzky,1986). TheXRF analytical protocol utilized an appropriate clay soil 

standard,with major element abundancesreported in oxide weight percent and trace 

elementconcentrationsin ppm(Appendix E). 

Whole-rock XRF chemical data were evaluated using a mass-balance approach to 

help characterize chemical variations in the soils due,in part,to closed-system effects of 

volumetric changes(strain,a),residual enrichmentofsoil matrix,and open-system 

transportofmaterial into or outofvarious horizons(translocation,t)(Brimhall,1991a,b; 

Driese et al.,2000). This protocolrequires elementconcentration and bulk density of 

both parent and weathered materialfor characterization ofthese values. Furthermore, 

careful designation ofanimmobile elementis importantfortranslocation calculations, 

with titanimn orzirconium mostcommonly used. 

Clay mineral analysis ofthe <2,<0.5,and <0.1 pm size fractions was performed 

on5 soil samples selected from boreholes 1 and 4. Thesamples were evenly spaced to 

provide maximum coverage with depth(Appendix F). Two additional samplesincluded 

bulk bedrock and isolated chert material from HCl-acid reacted bedrock. Clay mineral 

analysis wasperformed using an automated PhillipsXRG3100X-ray generator by 

Willamette Geological Service on elutriated mounts using Mg-and K-saturation, 

glycolation,controlled humidity and routine heattreatments(Moore and Reynolds, 

1989). 
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4.0MORPHOLOGY 

4.1 Macromorphology 

Two prominentsinkholes are present within 50-200m ofthe boreholes(Figs.2 

and 3). Soil and residuum thickness measured in the boreholesrange from 3.68 to 10.58 

m(Table 1 and Fig.4). Few outcrops ofbedrock occurin the area,primarilydue to the 

thick coverofclayeyresiduum. However,exposures along the back-slope(facing the 

Tennessee River)and along a gravel roadcutreveal near horizontal bedding in dolostone 

with appreciable chert nodules and chert-rich intervals. Strike-and-dip measurements 

taken from these available outcrops average aboutN55E/10° SE. 

Residuum from the boreholes is mainlycomposed ofstrongly oxidized,dense 

clay thatbecomes heavily mottled,darker,and more concentrated with angularto 

subangular dolostone,chert,and siliciclastic lithorelicts with increasing depth(Appendix 

A). Thickness ofthe residuum and soils varies with proximityto sinkholes,with lesser 

thickness preserved in boreholes2and 5. During the coring process,recovery was often 

very high,with 2^ outofthe40core samples having>90%recovery and 12ofthese 

samples having>100%recovery(Appendix H). Samples with>100%recovery(up to 

230%)indicate the likely presence ofvery fine-grained,highly plastic,swelling clays. 

There does not appearto be anyrelationship between the degree ofweathering 

m chert and rock fragments with increasing depth. However,manychertfragments 

toward the base ofthe cores appear extremely weathered with white-gray clay rinds(< 

5mm thick). It is likely thatthe high clay content,the occurrence ofFe/Mn-oxide lining 
( 

macropores and ped faces,and increasing pore water content with depth primarily 

determine the various weathering states ofthe chert(Appendix E). 
I 
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Table 1: Latitude/longitude,surface elevations and depth to refusal/bedrock for each 
borehole. All boreholes were collected using atruck-mounted rig with the exception of 

Borehole Geomorphlc Latitude Longitude Surface Depth to 

Position Elevation(m) Refusal(cm) 

B1 toe-slope N360306.9 W8347047 299 1058 

B2 dip slope escarpment N3603046 W834709.4 293 460 

B3 upper dip slope N360302.2 W8347 11 7 296 730 

B4 cross-dip shoulder N360257.5 W8347165 291 880 

B5 lowercross-dip slope N360255.8 W8347 14.5 284 368 

B6 ndgetop N360303.5 W8347187 306 >295 

B7 cross-dip footslope N360309.2 W834720.1 290 655 

Note that surface elevations were estimated from topographic map. 
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The AE/BE horizonsin all boreholes were relatively thin(<26cm combined)and 

contained substantial chertfragments(Fig.5A). Much ofthe chert within the A andBE 

zones is ofthe cauliflower variety,or small hollowed nodules. Manyofthese nodules are 

lined or entirely filled with Mn-oxide. Fed sizes and structures observed with the A and 

BE horizons consistoffine to medium,granular to subangular blocky. For most 

boreholes,dense,clay-rich Btl horizons are present at about50cm depth. Ator near this 

depth,soil coloration abruptly grades from brown loam into a dark red,homogenousclay 

(Fig.5B). Feds within the manyBthorizons presentin this residuum exhibit mostly 

medium subangular blocky structure. The remaining core material below 50cm depth is 

generally devoid ofanysand-sized soil particles,with the exception ofoccasional fine-to 

medium-grained,sub-to well-rounded quartz sands(sometimes with the presence of 

dolostone silts that effervesce with HCl)compnsing thin,discrete interbeds that occur 

onlyin boreholes 1,3and4(Fig.5C). Some ofthe sandyinterbeds are slightly 

cemented,however,most are fnable to unconsolidated. It is not clear,based on 

macromorphological evidence whetherthe sandyinterbeds are developed from in situ 

weathering ofclastic layers in the parent bedrock,or whetherthey are from externally-

derived alluvial materials deposited in the karst or on the residuum surface. Small(<1 

mm),subangular to well-rounded red clay papules,or pedorelicts,are also present 

throughoutand adjacent to the sandy layers,and are proposed by soil scientists as 

indicators ofalluvial deposits(Fitzpatnck, 1993). 
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Figure 5: Large format thin-section photographs. A) surface loamy soil, B) mosaic of 
pedogenic clays, C) well-rounded sandy interbed, D) saprolite/saprorelict interbed, E) 
very deeply weathered dolostone rock fragments with pedogenic clay and Fe/Mn-oxide 
rinds, F) relict (deepest) soil at base of borehole 1. 
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The gradational nature ofmostsoil horizon boxmdaries makes it difficult to 

distinguish soil-residuum fi*om colluvium ata macromorphological scale(Fig.6). Sharp 

contacts are presentbetween dolostone bedrock and the soil-residuum,with the notable 

absence ofa saprolitic(Cr horizon)transition. The only material that is saprolitic in 

nature within the residuum consists oflithorelicts/saprorelicts derived from siliciclastic 

interbeds within the MascotFormation(Fig.5D). 

4.2 Micromorphology 

4.2.1 SoilMatrix- Microscopic examination ofthe epoxy-impregnated thin-

sections indicates thatthe majority ofthe material fi*om the7boreholes are dominated by 

sepic-plasmic matrix(clay re-alignment due to shrink/swell and pedogenic alteration of 

clays),with the exception ofA horizons and rare,thin siliciclastic interbeds. Sepic-

plasmic fabrics observed in the samples can be subdivided into specific categories based 

on clay contentand onentation within the matrix. Five morphologiesofsepic-plasmic 

fabric are identified m the dolostone-denved residuum: skelsepic(highly birefiingent 

plasma aroimd skeletal grains),mosepic(one direction ofpreferred clay orientation), 

bimasepic(two directions),trimasepic(three directions),and omnisepic(multi-

directions). Samples within A-horizons and siliciclastic zones(with mostly sand and silt 

fi-actions)reveal a silasepic fabric(silt/sand size grains lacking highly birefiingent 

streaks). MostBEhorizons contain matrix with skelsepic fabric that grades into a weakly 

bimasepic fabric. Bthorizons generally reveal bimasepic microfabric with more 

strongly-bimasepic,trimasepic,and omnisepic pattems demonstrated byBthorizons 
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with increasing clay content(Fig.7A). Mosepicfabrics are observed only within deeply 

weathered shale litho/saprorelicts,which are best exhibited,in borehole4at 

approximately815cm depth. Generally,sampling regions with higher concentrations of 

Fe/Mn-oxide observed in the clayey matrix corresponds to plasma with weaker 

birefiingent patterns. Itis importantto note,however,thatthe various sepic-plasmic 

fabrics observed in these samples are generally not characteristic ofUltisols(too 

kaolinitic and leached)and mayhave been at least partlyinduced by stress changesfrom 

the coring process. 

4.2.2Borehole1 — The matrix ofborehole 1 residuum is dominated bybimasepic 

fabrics,with skelsepic fabrics occurring within theBEhorizon and siliciclastic interbeds. 

Thesamplesrange from 15-25% macroporosity,as determined by visual estimation. 

Actualin-situ values are likely muchlower because ofshrinkage and cracking during 

sample drying and thin-section preparation. Mostmacropores are characterized as having 

dendntic to planar pore structmes,which become more discontinuous with increasing 

depth,and occurs mainly as desiccation cracks and weathering rinds encircling/coating 

some dolostone fragments. Two conspicuous organic-rich zonesoccm at233-239cm 

and 367-373cm depths(Fig.7E). Both sand and silt fractions show a marked increase 

within thesezones and are characterized by fine- to medium-grained,subroimded to well-

roimded quartzsand grains. The sand and silt grains appear to have been derived from 

adjacent deeply weathered,fine-to mediiun-grained sandstone,calcareous siltstone,and 
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Figure 7: Micromorphology of borehole 1. All photos under plane polarized light, 

except for A which is under cross-polarized light. A) Typical strongly bimasepic plasniic
fabric, 675 cm depth. B) Large multi-generation banded Fe-oxide concretions and 
nodules, 45 cm depth. C) Subrotmded, oxidized pedogenic clay papules in thick clayey
matrix at 367 cm depth. D) Thick, oxidized pedogenic clay matrix with redox-depleted 
macropores at 238 cm depth. E) Organic material (root) with surrounding loamy soil 
matrix occurring within Btl interbed at 234 cm depth. F) Deeply weathered siltstone 
litho/saprorelicts with pores completely occluded with multi-generation pedogenic clays 
and Mn-oxide seams, 600 cm depth. 
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shale litho/saprorelicts that also occurin the organic-rich zones(similar to Fig.8A). Also 

within this sand- and silt-enriched zone are fine- to medium-grained limestone rock 

fragments with brachiopod,mollusc,and bryozoan fossil allochems,as well as coarse 

grained limestone rock fragments with coarse calcite rhombs. Two other silt- and sand-

rich interbeds occur at600cm and 708cm depth. Although mostofthe sand fraction 

throughoutthe borehole iscomposed offine-grained monocrystalline quartz(>95%), 

greater concentrations ofpolycrystalline quartz sand grains are presentin thelowermost 

BChorizon. Fe>y feldspar grains(2-5%)are present only within the siliciclastic 

interbeds,and arecommon within the silt fraction. Minoramountsofmuscovite also 

occurin the siliciclastic-rich zones. 

Throughoutthe borehole,increases in silt fraction arecommon with increasing 

depth,and the silt mayhave been partly derived from rinds ofdeeply weathered 

dolostone rock fragments. Where deeply weathered,these rock fragments exhibit 

pervasive dolomite ghosts occluded with silt infillings. Dolostonerock fragments, 

siliciclastic litho/saprorehcts and gravel-sized chertfragments appear scattered at various 

depths,however,theytend to increase with increasing depth(Figs.7F and 8C). Varieties 

ofdolostone fragments observed within borehole 1 include fine- to medium-grained 

dolomite similar to MascotFm.bedrock and oolitic/pelloidal varieties. Root materialis 

commonin the upper25cm ofsoil,then is absent until964cm depth(Fig.7E). Below 

this depth,fine to medium(mostly<2nim),very deeply weathered root material and root 

traces,as well as possiblefew animalburrows with dolomite silt infillings are visible, 

indicating the presence ofa paleosol(Fig.8E). Mostnotably,below 964cm depth 
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Figure 8: Micromorphologyofborehole 1:Image 2. All photos under plane polarized 
light exceptforB andF which are undercross-polarized light. A) Fine-grained 
monocrystalline quartz grains within deeply weathered,Fe-oxide cemented 
litho/saprorelict,800cm depth. B) Silicified oolitic/pelloidal dolostone fragmentwith 
interstitial chert/chalcedony with thick Fe-oxide rich pedogenic clay coatings,800cm 
depth. C) Deeply weathered siltstone litho/saprorelict with thick Mn-oxide coats and 
massesembedded in silty clay matrix,800cm depth. D)Banded silts and pedogenic 
clays adjacent to desiccation crack lined with Fe-oxide,980cm depth. E) Deeply 
weathered plant material,fine-grained limestone rock fragments, shaley-siltstone 
litho/saprorelicts,and fine-grained monocrystalline quartz grains possiblyrepresenting 
original soilresiduum,980cm depth. F) Thin chertseam near base ofborehole 
revealing near-horizontal bedrock,with thick,Fe-rich pedogenic clays persisting at 
maximum borehole depths,1025cm depth. 
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the residuum is slightly size-graded and becomes sandier down to 981 cm depth. Below 

981 cm,the residuum smoothly grades into very high clay content material with both 

slickensides and desiccation cracks present. Roottraces diminish in size and abundance 

below this depth. The base ofborehole one consists ofthin,horizontal chertlayers 

embedded in extensive pedogenic clay that directly overlies MascotFm.bedrock(Fig. 

8F). Overall pedogenic features ofhorizonBCstrongly resemble those observed within 

theBEand Btl horizons(Table 2). 

Redoximorphic features thatinclude concretions,coatings/hypocoatings and 

cements all exhibit textural and morphological trends with depth. Fe-oxide,present as 

concretions,nodules,masses,coats,and hypocoats,is mostconcentrated within the upper 

4m(<20%ofsoil matrix;Fig.7B).- Large(<4nim wide),commonlycracked,multi-

generation Fe-oxide nodules occurthroughoutthis depth interval,with the largestnear 

active macropores and within the more porousBEhorizon. Many areas ofsoil matrix 

adjacentto these concretions show Fe-redox depletions(Fig.7D). Fe-oxide content 

decreases with depth and is primarily expressed as Fe/Mn-oxide coats along macropore 

walls and ped/grain faces between4-10m depth(Fig.8D). Subrounded to well-roimded 

pedogenic clay papules,or pedorelicts(< 1 mm across),occur within horizonsBtl,Bt5 

interbed,and Bt6(Fig.7C). Volumetrically,the residuum is dominantlycomposed of 

fine,multi-generation pedogenic clays that constitute the bulk soil matrix material. 

Aureoles,vadose pendants,wavyconvoluted and laterallyconvex bandsofthese clays 

suggestslow horizontal and vertical migration ofsoil pore-water. The pedogenic clays 

extensively line macropores,grain/ped faces,and serve to occlude macropore channels. 

28 



Table 2: Micromorphologicalfeatures ofborehole 1. Note that macroporosity,particle 
size and percent mineral composition were determined usingimage comparison charts. 
Sample Horizon Depth Texture Fed Size/ Pore %Macro- Particle Size Composition 
[.D (cm) Structure Structure Porosity %Sand %Silt %Clay %Qtz %C^%RF 
Bl-Pl BE+Btl 43-51 sandy-loam> fine to medium 25 35 20 45 20 45 15 

clay granular tosubangular dendntic 

bloc^ 
B1-P2 Bt2 233-239 sandy<lay moderate-medium planar- 15 20 20 60 27 60 

Interbed subangularblocky smuous 

B1-P3 Bt3 367-373 stl^-clay moderate-medium dendntic- 15 15 25 >60 25 60 15 

Interbed subangularblocky smuous 

B1-P4 Bt4 554-562 gravelly-clay moderate^edium dendntic- 20 15 82 10 

subangular blocky smuous 

B1-P5 Bt4+ 595-602 silty-sand N/A dendntic 23 55 25 20 >55 25 

Bt5 N/A 

B1-P6 Bt5 671-678 gravelly- fine-medium wavy- 20 35 25 40 >35 40 25 

sandy-clay subangularblocky planar 

B1-P7 Cr+Bt6 707-714 gravelly- N/A discontmous- 17 35 30 35 >40 35 20 

sandy-clay N/A dendntic 

B1-P8 Bt6 796-803 gravelly- medium-coarse smuous- 15 28 25 47 >35 47 

silty-clay subangular blocky dendntic 

B1-P9 BC 979-986 gravelly- fine-medium dendntic- 15 35 30 35 >35 35 25 

sil^-clay subangularblocky planar 

Bl-PlO BC 1023-1030 clay fine discontmuous- 20 10 20 70 15 70 

subangular blocky dendntic-

planar 

Note that all characteristics in this table are based on visual estimates/inspection ofthin-
sections using a petrographic microscope. 
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Table2continued. 
Sample Horizon Depth Ped Clay Matrix Concretions/Nodules Coatings 

ID. (cm) Mottles 

Bl-Pl BE+Btl 43-51 5%orange ^elsepic 10-12% mulbgen.Fe-oxide(<4mm) Red illuyiated claylimng grams, 

Fe-oxide concretaons,andas 

aureoles 

B1-P2 Bt2 233-239 75%dark-red strongly 5-8%Fe-Mn oxide(<3mm) Fe/Mn cementsInung grainsand 

Inteibed 15%orange bimasepic 10%in orgame-nchzone porefaces,peryastye mulbgen 
5%yellow-orange Redpedogemcclay nodules pedogemcclays 
5%tan-yellow 

B1-P3 Bt3 367-373 65%daric-red moderately 12-14%Fe-oxide masses(<3imn) Peryasive mulbgen ped clay 
Inteited 20%orange bimasepic 2-5%Mn-oxide disseminated coatsand vadose pendents 

15% yellow-orange 

B1-P4 Bt4 554-562 60%dark red weakly 5%Fe/Mn-oxide masses(<liran) 8%Fe-oxidecoabngson peds, 
15%orange bunasepic pore&ces,andb/w dolomite 
15%yellow-orange silt grains, well-deyeloped mulb 
10%orange-yellow gen ped clay -i- Fe-oxide coats 

B1-P5 Bt4+ 595-602 55%orange skelsqnc 8%Redped clay papules(<1mm) Peryasiye mulbgen ped clay 
BtS 35%daric-red <5%Fe/Mn-oxide nodules(<lmm) oftencompletely oceludmg pores. 

5% yellow-orange Fe/Mn-oxide coats+hypocoats 

5%tan-yellow 

B1-P6 BtS 671-678 40%dark-red moderately 3%Fe/Mn-oxide masses(<lmm) Pervasiye mulbgen ped clay, 
35%orange bimasepic 5%Fe/Mn-oxide coats 

15%orange-yellow 
10% yellow 

B1-P7 Cr+Bt6 707-714 50%dark-red skelsepic 3%Fe/Mn-oxide masses(<lmm) Peryasiye mulbgen ped clay, 
25%orange 5-7%Fe/Mn-oxide coats 

15%orange-yellow 
5%tan-yellow 

B1-P8 Bt6 796-803 55%brown-red skelsepic- 5-7%Fe-oxide massesand PervasiyeFe-oxide+ped clay 
20%daric-red bimasepic glaebules(<2nim) coats often with convoluted wavy 
5%orange bands(Fe-oxide-8%) 
5%orange-yellow 

B1-P9 BC 979-986 30%orange-red skelsepic- CommonFe-nch ped clay papules Extensiveped claycoats,8%Fe-

20%pale yellow mosepic (<05mm),3%Fe-oxide nodules oxide coats 

20%dark-red 

20%red-brown 

10%orange 

Bl-PlO BC 1023-1030 35%brown-orange bimasepic- IO%Fe-oxide Pervasive mulbgen.ped clay coats, 
30%brown-red tnmasepic 3%ped claypapulesnear top few kaolimte/dickite cementcoats 

20%orange along sandstone/siltsbme lithorelicts, 

15%red extensiveFe-nch coats+hypocoats 
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These clays are moststrongly oxidized within the upper5 m and becomeincreasingly 

mottled with depth. Coatsofkaolinite/dickite cement are present below 981 m in and 

around sandstone and siltstone litho/saprorelicts,and between wavybands ofilluviated 

pedogenic clay. Few,thick hematite cementsoccur at various depths within sandstone 
f 

saprorelicts. Feldspars,where present,commonlycontain authigenic overgrowths. 

Minor occurrences ofauthigenic quartz overgrowths occur around quartz grains at 

variable depths. i 

4.2.3Borehole4^ Similar to borehole 1,the matrix ofborehole4residumn is 

dominated bybimasepic fabrics,with skelsepic fabrics characteristic oftheBEhorizon 

and siliciclastic interbeds. Macroporosityin the samplesrange from 13-22% exhibit 

sinuous-dendritic pore structure that,as wasthe case with borehole 1,becomesmore 

discontinous with increasing depth(Fig.9C). Also similar to borehole 1,actual in-situ 

valuesfor macroporosity are likely muchlower due to drying encoimtered during thin-

section preparation. The highest macroporosity is observed within theBE horizon,and 

associated with desiccation cracks and rinds around deeply weathered dolostone 

fragments. However,such porosity does notoccur along less intensely weathered 

dolostone fragments. Twothin(< 1 cm)siliciclastic interbeds occur at60cm and 78cm 

depths,within the Btl horizon,and are composed ofvery fine-grained sandy silt without 

micas(Table 3). Thesand grains are very wellrounded and well sorted. Another 
1 

unusually sandyregion occurs between 863cm and 874cm depth,and these sands are 

almost entirely composed ofmonocrystalline quartz(minor deeply weathered chert),and 

are moderately well-sorted and well- to very well-rounded. Minoramountsoffeldspar 
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Figure 9: Micromorphologyofborehole4and Mascotbedrock. Allphotos under cross 
polarized light exceptforCand D. A) Silicified dolostone rock fragment with chert-
lined elongate polycrystalline quartzinclusion at5cm depth. B) Close-up of 
polycrystalline quartz grain bearing strong resemblance to inclusion observed in A(50 
cm depth). C) Dendritic,sinuous pore structure with successive pedogenic clay and Mn-
oxide coats along pore walls in silty matrix surrounding niimerous siltstone 
litho/saprorelicts at600cm depth. D) Macropore at600cm depth showing silt infillings 
along pore walls(noteformer pore walls marked by dendritic Mn-oxide lining former 
pore wall). E) Deeply weathered Mascot-like dolostone rock fragmentwith extensive 
multi-generational pedogenic clays filling dolomite crystal dissolution voids. F) Fine to 
medium-grained,slightly to moderately weathered,tan-brown dolomite with calcite and 
dolomite spar fill cements. Somepores and intergranular pore spaces lined with Fe-
oxide. Bedrock outcrop sampled from approximately40m downslope(west)ofborehole 
4. 
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(mostly perthite)occur scattered throughoutthe borehole,and are dommantly silt-sized. 

The greatest concentration offeldspar occurs at approximately600cm depth(8%),where 

slightly convoluted relict bedding(saprolite?)occurs in association with deeply 

weathered shale litho/saprorelicts and Mascot-like silicified dolostone(Appendix C). Silt 

infillings are present within various types ofmacropores at this interval(Fig.9D). Up to 

7%muscovite is also present at this depth. Trace heavy minerals scattered throughout 

the borehole include zircon and ilmenite. 

Sharp increases in silt fraction(and subsequent decrease in clayfraction)occur 

nearthe base ofthe core within the lowermost50cm ofresiduum. Similarto borehole 1, 

dolostone and cherty graveltend to increase with depth with manydeeply weathered 

dolostone fragments displaying weathered exteriors containing pervasive dolostone 

"ghost"rhombs. Close inspection ofmany dolostone fragmentsthroughoutborehole4 
i 

reveals inclusions and/or seamsofpolycrystalline quartz,commonlylined with fine 

grained chert(Fig.9A). The polycrystalline quartz grains exhibit features consistent with 

hydrothermal alteration such as near-perfect undulatory extinction and slightly elongated 

and sutured grains(Fig.9B). Two additional features ofthe polycrystalline quartz 

inclusions include the absence ofother minerals(e.g.,feldspar or muscovite)and 

diagenetically coarsened quartz grains,which results in astrong resemblance to 

chalcedony/banded agate. Otherrock fragments observed within borehole4include fine 

to medium-grained dolomite similar to MascotFm.bedrock,and deeply weathered shale 

and Fe-cemented,fine-grained sandstone litho/saprorelicts. 

As wasthe case for borehole 1,Fe-oxide concretions,nodules and masses are 

mostcommon and best-developed within the loamyA and BE horizons. Many multi-
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generation concretions reveal successive growth bandsthat envelop smaller Fe-oxide 

concretions and their occurrences correlate with low clay content horizons. Atand below 

5.8 m,mostFe-oxide is present as coatings along open macropores. Many areas ofsoil 

matrix adjacentto these Fe-oxide coats containthm(<3mm)redox-depleted mottles. 

Well-rounded,red pedogenic clay papules(< 1 mm across)occur within theBE,Btl,Bt5 

and Bt6 horizons. Multi-generational pedogenic clays are substantial,with significant 

pore occlusion developedjustbelow the contact between theBE and Btl horizons. 

Multi-generation pedogenic clay pedorelicts and vadose pendants occur adjacentto,or 

partially filling macropores and desiccation cracks,whereas wavyconvoluted and 

laterally convex bandsofthese clays are typically present along/between grain 

boimdaries,within dissolution voids(in dolostone fragments)and relict bedding planes 

(where siliciclastic litho/saprorelicts occur;Fig.9E). These illuviated clays are strongly 

oxidized with reddish colors throughoutthe majority ofthe core,which grade into 

reddish-brown colors at6.5 m depth,and then to greenish-brown colors in the basal 10 

cm ofcore material. A rareform ofkaolinite/dickite cementoccurs at variable depths, 

but mostlyin association with deeply weathered shale litho/saprorelicts,and alongfew 

grains faces and macropore walls. As wasthe case with borehole 1,hematite cements are 

rare at various depths within deeply weathered sandstone saprorelicts. Feldspars,which 

appear limited to siliciclastic saprorelicts and silt fractions,commonly display authigenic 

feldspar overgrowths. 

4.2.4 MascotDolomite — The MascotFm.bedrock is composed offine- to medium-

grained,tan-brown dolostone,with some coarse dolomite spar-fill cements(Fig.9F). 
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Few smallfractures(<500{un thick)have a planar-smuous structure and extend sub-

horizontally along bedding planes and chert layers. Fe-oxide cements and fineFe masses 

(< 100-200 pm)commonly fill these fractures,as well as intergranular pores. Minor 

amountsofoxidized pedogenic clay are observed nearthe top ofthe bedrock thin-section. 
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5.0TEXTURE(PARTICLESIZE DISTRIBUTION)ANDBULKPOROSITY 

Particle size analysis was performed on23total samples taken from boreholes 1 
I 

(11)and4(12). Samples were selected to span the different soil horizons,and also 

included various sandy or silty interbeds(Table 4). The uppermost50cm in both 

boreholes(A/BE horizons)is composed ofclayloam,with common chertand dolostone 

rock fragments. Atapproximately 1 m depth a marked increase in clay content occurs, 

which extends to depths greater than8 meters(Figs.10and 11). Although both 

boreholes exhibit similar particle-size distribution trends with depth,borehole 1 contains 

greater overall clay content. The clay fraction generally reaches a maximum at depthsof 

1 to 5 meters. Although afew sandy/siltyinterbeds are present within the core material, 

they are voliunetrically insignificant within the 1-8 m interval. Muchofwhatconstituted 

the very fine sand fraction in this clay-rich zone wasobserved,during the dry-sieve 
I 

process,to be fragmented and disseminated chert. Below8m,the core material becomes 

increasingly silty,and gravel-size rock fragments,which include dolostone and 

lithorelicts from siliciclastic interbeds,become morecommon. 

Particle-size analysis using an X-ray disk centrifuge technique provided detailed 

information about size-fraction distributions for the <2pm range. The analyses indicate 

thatthe residuuniis dominantly composed ofpedogenic clay(clays finerthan 0.1 pm; 

Fitzpatrick, 1993). Up to66%ofthe clays are pedogenic in nature,with the greatest 

concentrations within 1-8 meters depth(Fig. 11). A sharp decrease in pedogenic clays 

occurstoward the base ofeach ofthe cores nearthe bedrock interface,which corresponds 

to a gradual increase in the silt fraction. Detailed clay distribution data also reveal 

varying bimodalsize 
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Table4: Selected samples for particle size determination using an X-ray disk centrifuge. 
I.D. DEPTH(cm) 

Bl-1 10 

Bl-4 40 

Bl-5 58 

Bl-9 140 

Bl-17 305 

Bl-22 407 

Bl-28 527 

Bl-31 595 

Bl-34 655 

Bl-41 815 

Bl-50 1050 

B4-1 10 

B4-3 30 

B4-5 60 

B4-11 180 

B4-23 425 

B4-27 510 

B4-32 610 

B4-36 690 

B4-42 810 

B4-44 850 

B4-45 870 

B4-46 880 

HORIZON 

A 

BE 

Sandy Interbed 

Bt2 

Bt2 

Bt3 
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Figure 10:Cumulative particle size distributions versus depth for boreholes 1 and 4. 
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Figure 11:%Clay and%clay <0.1 pm versus depth for boreholes 1 and 4. 
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distributional patterns within the samples(Fig. 12). Thetrends generally indicate a subtle 

himodal distribution offine silt and pedogenic clays. At3m depth,there is about98% 

clay in the <53 pm fraction. Overall,more total clay and pedogenic clay is present 

within Bl. 

Bulk porosity measurements were calculated from hulk and particle density 

values,and range from 28-50%(Appendix E). Honzons charactenzed by greater 

porosity typically exhibit high clay content,while the loamyA/BE horizons were found 

to contain the lowest porosities(Table 5). It should be noted that the coring process may 

have distorted actual bulk densities ofthe sampled material,therebyintroducing potential 

error in the calculated bulk porosities. This distortion due to coring wasobserved bythe 

swelling(>100%recovery)and possible compaction(<100%recovery)ofsoil matenal 

(Appendix H). 
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Figure 12: Examplesofdetailed cumulative clay distribution curves for boreholes 1 and 
4. Note the subtle/weak fine silt and pedogenic clay bimodal distribution. 
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Table 5: Bulk porosity calculations 

SampleLD. Depth(cm) Pb Ps %Clay Bulk Porosity(%) 

Bl-4 40 1.77 2.73 40 35 

Bl-5 58 1.83 263 52 30 

Bl-9 140 1.74 272 87 36 

Bl-17 305 1.56 278 92 44 

Bl-22 407 1 67 2.77 81 40 

Bl-28 527 1.47 2.74 72 46 

Bl-31 595 1.48 2.56 27 42 

Bl-34 655 1.48 2.71 80 45 

Bl-41 815 1.46 2.90 77 50 

Bl-50 1050 1.58 2.69 64 41 

B4-1 10 1.89 2.64 34 28 

B4-3 30 2.09 2.91 37 28 

B4-5 60 1.86 2.65 68 30 

B4-11 180 1.73 2.72 70 36 

B4-23 425 1.73 3.09 70 44 

B4-27 510 1.65 2.67 68 38 

B4-32 610 1.84 294 58 37 

B4-36 690 1.64 275 85 40 

B4-42 810 1.9 3.12 53 39 

B4-44 850 1.73 281 74 38 

B4-45 870 1.75 2.74 40 36 

B4-46 880 1.70 2.66 31 36 

Note thatPb=bulk density as measured from wax clod method,Ps=particle density as 
measured from pycnometer method. 
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6.0GEOCHEMISTRYAND MINERALOGY 

6.1 Geochemistry 

Whole-rock geochemical analysis wasperformed for major soil horizon and 

sandyinterbed intervals,for boreholes 1 and4(Fig. 13). Chemical variations in the 

residuum were evaluated by measuring and plotting molecular ratios,which qualitatively 

provide approximations ofweathenng reactions and status ofthe soils(Retallack,2001). 

Molecular-ratio calculations used to demonstrate common pedogenic reactions(see 

Retallack,2001)show an overall uniform oxidized signature ofthe residuum that is 

higher nearthe surface and decreases with depth,and ranges from 0.35-0.10(Fig. 14). 

Slight anomalies observed within the boreholes responsible for these ranges occur at 

-500cm depth,where asmallincrease exists for borehole 1(0.35)and a minor decrease 

is presentin borehole4(0.10). Within approximatelythe lowermost50cm ofcore 

material in both boreholes,substantial decreases in oxidation ratios occur,decreasing 

from 0.0to 0.15. Ba/Sr ratios in the residuum show nearlyidentical trends for both 

boreholes(Fig. 15). Ratiosshow generally uniform increases from 0.6 at the surface to 

maximum values <1.0 around 5 m depth. Below 5 m depth and down to the bedrock 

contact,Ba/Sr ratios decrease uniformly back to 0.6,thereby suggesting that optimal 

leaching occurs in the upper5m ofresiduum. Other indicators ofhydrolysis-driven 

reactions using the ratio ofA1/bases reveal the sametrends,which correlate well with 

the translocation and distribution ofclays,as measured by AI2O3(Fig. 16). Hydration 

ratios ofsilicon to sesquioxides also show a major decrease from near20within the 

uppermost50cm ofresiduum,to <5in the lowermost50cm depth(Fig. 17). 
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Figure 13: Distributions of immobile elements Zr and Ti02 vs. depth for boreholes 1 and 
4 and interpretations for origins of \yeathered materials. Note that the concentration of 
Ti02 shows less variation with depth. 
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Figure 14: Whole-rock XRF data, expressed as oxidation ratios for boreholes 1 and 4. 
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Figure 15: Whole-rock XRF data for Ba/Sr ratios for boreholes 1 and 4.Note that soils 
are less leached near the surface,and have maximum leaching at 400-500cm depth 

47 



Hydrolysis Al/bases 
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"igure 16: Whole-rock XRF data for A1 / bases ratios revealing hydrolysis-driven 
weathering reactions in boreholes 1 and 4. Note that greater values indicate more 
weathered. 
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Figure 17: Whole-rock XRF datafor Silicon/Sequioxides ratios exemplifying 
hydration-driven weathering reactions in boreholes 1 and 4. 
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Mass-balance calculations utilized Ti02asthe immobileindex elementbecause of 

its more uniform distribution in both boreholes(Fig. 13). Geochemicalplots used 

insoluble residue ofMascotFm.bedrock as a parent materialfor all mass-balance 

calculations in this study. Plots illustrating volumetnc changes within the profiles 

suggesta negative strain approaching-1.0,indicating complete collapse ofsoil material 

during weathering(Fig. 18). Mass-balance calculations ofelementsincorporated into the 

residuum via detrital influx show an overall loss ofSi02 within both boreholes(Fig. 19). 

Additions ofZroccur above 1.5 m depth,with values generally decreasing with greater 

depths. A small net gain inflection occurs within one ofthe siliciclastic interbedsin both 

boreholes at6m depth. A similar prominentincrease inZr occurs at 8.7m depth in 

borehole4,which is not presentin borehole 1. In addition to these trends observed for 

immobileZrand Ti02,plots ofNb versus depth reveal strong similarities in inflections 

for both boreholes 1 and4(Appendix F). 

Transport calculations for alkali elementsindicate overall net losses in each 

borehole. Translocation ofelements comprising clay mineralsshow,overall netlossesof 

Si,K,and Na,and net gains ofA1throughoutthe boreholes(Fig.20). A prominent net 

increase in Naand A1occursin borehole 1 at6m depth. NetA1 gains correlate well with 

clay bulges ofBthorizons. Extensive leaching ofthe Ultisols has likely driven the 

transport and removalofthese alkali elements,as well as the enrichmentofA1as 

indicated previously bythe particle-size data. Appreciable net gainsin Caand Mg are 

present at6m depth(primarilyin borehole 1),however,sharp increases ofoneto two 

orders-of-magnitude occurin the lowermostsoil horizons ofboth boreholes(Fig.21). 

Translocations ofredox-sensitive elements vary significantly with depth,with Co and Cr 
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Figure 18: Whole-rock XRF data showing negative volumetric changes (strain), or 
collapse, for boreholes 1 and 4 calculated assuming either immobile Zr, Ti, or Al. 
Negative values represent net loss of constituent relative to parent material with -1 
equivalent to 100% loss, and +1 is 100% net gain. 
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Figure 19: Transport functions (translocation) for detrital influx elements in boreholes 1 
and 4 calculated assuming immobile Ti. Negative values represent net loss of constituent 
relative to parent material with -1 equivalent to 100% loss, and +1 is 100% net gain. 
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Figure 20: Transportfunctions(translocation)for alkali and clay mineral elementsin 
boreholes 1 and4calculated assumingimmobile Ti. Negative values represent netloss 
ofconstituent relative to parent material with -1 equivalent to 100%loss,and +1 is 100% 
net gain. 
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Figure 21: Transport functions (translocation) for carbonate elements in boreholes 1 and 
4 calculated using unmobile Ti; Negative values represent net loss of constituent relative 
to parent material with -1 equivalent to 100% loss, and +1 is 100% net gain. 
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generally decreasing,and Feand Mnincreasing towardsthe surface. Increases inFe and 

Mn correlate well with the more clay-rich horizons,and commonlyshow an increase of 

over200%(Fig.22). ValuesforMnshow the most variability and anomalous losses 

occurring within siliciclastic interbeds. Relative enrichments ofMn generally correlate 
I 

with horizons containing thick Mn02stained coats. 

I 

6.2 Mineralogy 

In all five soil samples,the matrix is primarily composed ofillite and kaolinite 
f 

with significant amountsofgoethite(Fig.23 and Fig.24). Lesser quantitiesof 

dehydrated halloysite(bellpine),Fe-Mg chlorite,and smectite(hydroxyl Al-Fe interlayer 
1 

smectite=HIV)comprisethe otherclay species. Generallyno carbonate is presentin the 

claysamples. Minoramountsofquartz occurin the 2-0.5 pm fraction. The quartz 
it 

diminishes with decreasing grain size and is absentin the <0.1 pm fraction. Illite 
j 

becomesincreasingly disordered in the finerfractions,which is exemplified byincreasing 

peak width and slight shifts in d-spacings to the left(lower 2-theta). The kaolinite 

component appears to be highly disordered and in some cases demonstrates peak 

character associated with dehydrated halloysite. The mostsignificant trendsrevealed by 

clay mineralogical analysis includes significant increases in illite with increasing depth, 
t 

and decreases in kaolimte with increasing depth. Goethite tends to increase in the finer 

fractions(Fig.23). 

Two 100gsamplesofMascotFm.bedrock were pulverized and reacted with HCl 

to determine the amountofinsoluble residuesin the dolostone. Thesamplesranged 

55 



Translocation(Ti)of Redox Trace Translocation(Ti)of Redox Trace 
Elements:B1 Elements:B4 

0 
netgain net gain

•100 -100 

-200 
-200 

-300 

-300 
•400 

-400-500 

■600 -500 

700 -600 

-800 
-700 

900 -o-Fe 
-800 

-1000 Mn -D-Mn 

-900 -*-Cr-1100 net lossnet loss ->«-Co -x-Co 
-1200 1000 

figure 22: Transport fimctions (translocation) for redox trace elements in boreholes 1 
and 4 calculated assuming immobile Ti. Negative values represent net loss of constituent 
relative to parent material with -1 equivalent to 100% loss, and vice versa for positive 
values. 
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Semi-quantitative Clay and Non-clay 
Mineralogy 
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Figure 23: Semi-quantitative clay and non-clay mineralogy versus depth (data from 
boreholes 1 and 4). Note that samples from 305cm and 1050cm depths were sub-
sampled from borehole 1, whereas samples from 30cm, 610cm and 810cm depths were 
sub-sampled from borehole 4. 
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Figure 24: Semi-quantitative clay mineralogy versus depth without additions from 
quartz, anatase and goethite (data from boreholes 1 and 4). Note that samples from 
305cm and 1050cm depths were sub-sampled from borehole 1, whereas samples from 
30cm, 610cm and 810cm depths were sub-sampled from borehole 4. 
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from7to 15%ofinsoluble material consisting ofappreciable amountsofbrown-colored 

silts and cherty residue. Thesamples analyzed forXRD included a wholerock Mascot 

f 

Dolostone sample and asubsample ofchertthat wasisolated bytreating additional 

bedrock sample with HCl acid. Whole-rock mineralogical dataindicate thatthe rock is 

almost entirely dolomite with subordinate quartz,calcite,microcline,and albite. The 

chertsample contained mostly quartz,with minor dolomite and traces ofcalcite, 

microcline,and albite. 
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7.0INTERPRETATIONSANDDISCUSSION 

7.1 Soil genesis and comparison ofphysical/chemical properties to conceptual 
models 

This study has provided importantinformation on the genesis ofsoil and 

residuum derived from relatively flat-lying dolostone. One hypothesisis that Ultisols 

form in-situ as asingle residuum from the long-term weathering ofunderlying carbonate 

bedrock. The estimated thickness ofthe MascotDolostone in the vicinityofthe study 

site is 180m,with at least90mofKingsportDolostone occurring stratigraphically below 

the MascotFm.(U.S.G.S.,1966). Based onthe recovery ofapproximately 10%insoluble 

residue from the MascotFm.bedrock samples,and assuming this bedrock asthe sole 

parent materialfor the residuum,18m ofinsoluble residue/material would result from the 

weathering ofthe carbonate bedrock. Thethickestresiduum observed at the site 

(borehole 1)is at least 11m. To satisfy the thickness ofresiduimi developed at this 

borehole,it would require a minimum of5%insoluble residue in the bedrock. However, 

ofthe recovered 10%insoluble residue mentioned above,less than halfofthis material is 

comprised ofmicaceous clays and silts(-40%),with the remaining material consisting of 

chertin various size-fractions. Ifone assumesthat about 100ofthe 180total meters of 

underljdng MascotFm.bedrock has weathered away(these values are estimated dueto 

the thick coverage ofresiduum and discontinuous outcrops ofMascotFm.bedrock),soil 

thickness should average5m,assuming an insoluble residue contentof5%and no 

erosion or relocation ofinsoluble material. However,mass-balance geochemical plots 

for strain reveal>90%volumeloss oftheinsoluble residue,suggesting that in-situ 

genesis ofUltisols plays only a subsidiary role in soil formation. 
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It is importantto note that these extremelylow values for strain mayhave been 

partlyinduced by;the coring method,wherebycompaction or expansion ofcore material 

from the drilling process changed the bulk density ofthe soil,possibly distorting 

calculations for strain. Furthermore,although the role oferosion throughoutthe time of 

developmentfor this residuum cannotbe directly quantified,it certainly relocated much 

ofthe above-mentioned insoluble materials thereby supporting an alternate modeofsoil 

development. Asseen by extensive pedogenic clay illuviation in thin-section,lessivage 

and translocation ofclays from the thin(<50cm)A andBE horizons atthe study site also 

play asecondaryrole in the developmentofthick,clay-rich Bthorizons. 

An altemative hypothesis tested in this study is thatthese soils areformed as a 
I 

polygenetic assemblage ofreworked parent materials. Insufficientthickness through the 
f 

in-situ formation ofthese Ultisols as a single residuum(based on mass-balance 
J 

calculations),in conjunction with the occurrence ofvery deeply weathered plantroots 

within the upper partofhorizonBC at965cm depth(no other plant material was 

observed below 1 m depth in other boreholes)supports a polygenetic mode ofresiduum 

and soil formation. Additional micromorphologicalfeatures thatinclude,common,well-

roimded,Fe-rich pedogenic clay papules(<1mm wide),fine-grained limestone rock 

fragments,shaley-siltstone saprorelicts,and fine-grained monocrystalline quartz grains 

found scattered above965cm depth in borehole 1 provide finther evidence for a 

polygenetic origin. Although undetected in the other boreholes,micromorphological and 

geochemical evidence suggestthatthe lowermost 1 m ofresiduum at this geomorphic 
I 

li 

position was atone time exposed to the atmosphere and a soil profile (now paleosol) 
I 

developed on the surface and wassubsequently buried bycolluvimn and alluvium. Itis 
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possible,based on morphological similarities between boreholes 1,3and4that paleosols 

mayoccur nearthe bases ofother boreholes,howeverfurther investigation using thin-

sections and geochemical analysis is needed to confirm this. 

Additional potential evidence forthe assertion that a paleosol occurs atthe base of 

borehole 1 is indicated bythe gradual decrease ofkaolmite with increasing depth, 

followed byasharp enrichmentofthis clay below 964cm depth. Furthermore,illite 

concentrations increase with depth,and Miller(1972)and Monger(1986)found illite to 

be the dominantphyllosilicate constituentofthe unweathered Paleozoic carbonate rock. 

Similar to the trend observed in kaolinite with depth,a significant decrease in illite 

concentration occurs at 1050cm depth(Fig.24). The significantthickness ofoverlying 

residuum appears to consistofcolluvial additionsofmostly weathered MascotFm. 

material(e.g.,rock fragments,litho/saprorelicts). Geochemical evidence maysupport 

this interpretation based on at least three major discontinuities for plots ofimmobileZr 

and Ti02 at6m depth for both boreholes 1 and4(Fig. 13). Thesesame trends and 

discontinuities are also demonstrated bytrace element dataforNb with depth,which may 

mark periods oflandscape instability and inputs ofcolluvial/alluvial material(Appendix 

F). Itis unclear,however,ifthis discontinuity is inherited from the siliciclastic 

saprorelicts that are concentrated at this depth or from the above-mentioned colluvial 

additions,perhaps derived from multiple parent lithologies. 

Soil morphologyand genesis atthe Strong Farm site are likely affected bythe 

karstic,and likely brecciated nature ofthe underlying Mascotand KingsportDolomite 

bedrock. In contrast to residuaformed from weathered siliciclastic rock(e.g. Graham et 

al., 1990;Driese et al.,2001;McKayet al.,in press),the soils have little to no saprolite 
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(Cr horizon)transition between bedrock and soilresiduum,but,instead,a sharp contact 
r 

between pedogenic clay or dolomite silt and the underlying dolostone bedrock. Thin(< 

10cm thick),scattered siliciclastic interbeds constitute the only observed saprolite, 
I 

however,these interbeds increase with depth and in placesshow relict,near horizontal 

bedding(Fig.5D). Based on morphological/textural data and supported by literature 

(Miller,1972;Walker,1985),the saprolitic material(which constitutes saprorelicts when 

intermittently occurring in residuum)is interpreted as derived from both alluvial/colluvial 

additions and siliciclastic interbeds within the MascotFormation. 

Someintervals within boreholes 1 and4contain well-rounded,fine-to medium-

grained quartzsands(commonly with thick pedogenic clay coats)in addition to 

fossiliferous limestone fragments. It should be noted thatthese sand grains and fossil 

allochems bearstrong resemblance to siliciclastic-rich zonesofthe imderlying 
I 

Chepultepec dolomite and fossil assemblages ofthe overlying Chickamauga Group 
I 

(Cummings,1959). Based upon the occurrences ofthese grains at variable depths and 

their absence in boreholes2,5,6,and 7,these grains are interpreted as having been 

derived from the above-mentioned units through: 1)additions ofcolluvium derived from 

residuum developed from the Chepultepec and Chickamauga units that were weathered 

away,as well as from 2)infilling oflarge dissolution voids during karstification 

throughoutthe span ofgeologic timeknown asthe Knox Unconformity. Mapping ofthe 
I 

Mascot-Jefferson Cityzinc district and surrounding areas ofeastern Tennessee suggests 
1 

thatthere are extensive solution-collapse structures and brecciated zones with the Mascot 
I 

and Kingsport units,which would have provided sinks for the deposition oferoded 
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Chepultapec sands(and sandstone lithorelicts)and Chickamauga Group residuum 

(Harris,1971;Matlock,1987). 

Another concern forinterpreting regolith genesis concerns one's ability to 

confidently distinguish between the multiple colluvial and/or alluvial deposits. Itis 

probable thatthe long-term maturation ofthe regolith has bomogemzed these deposits, 

with variations in mottling,PSD and geocbemical/mineralogical data primanlydueto 

soil pore-water availability and macroporeflow pathways. Evidence such asthe lack of 

steep scarps on modem bill slopes,and features consistent with intense weathering and 

pedogenic developmentforthe dolostone-derived residuum,such as highly disordered 

kaolinite,whole-rock XRFmolecular ratios,and strain,or voliune change ofthe 

residuum,suggestalong-term and gradual accumulation ofmostly pedogenic clays. 

Slow,imperceptible soil creep appears to bethe primary and current method for down 

slope movementofcolluvium. 

7.2 Porestructure and porosity occlusion due to illuviated clays and mineral 
precipitates 

Comparison ofparticle size data with bulk porosity measurementsindicates that 

the relatively higher porosities correspond to clay-rich horizons(up to 50%),and 

conversely,lower porosities are typical ofloamyA/BE horizons(28-30%;Appendix E). 

Petrographic observationsindicate thatthe greatest macroporosity exists in the A andBE 

horizons(upper50cm ofresiduum),with sizes ranging from50pm to 1.5 mm in 

diameter. Dendritic to sinuous pore stmcture is ubiquitous for all soil horizons,but 

becomesmore discontinuous with increasing depth. Below 50cm depth,zonesof 
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relatively greater porosity occur confined to preferred pathways thatinclude deeply 

weathered rimsofdolostone rock fragments. Macroporosity is also enhanced within 

intervals ofgrain-size increases and fi"om the decementation offineto medium-grained 

quartzsandstone lithorelicts. 

Below approximately50cm depth,the soil residuum in all geomorphic positions 
I 

has extensive accumulations ofmulti-generational pedogenic clay and lesser amountsof 

Fe/Mn-oxides,which together comprise the bulk ofthe soil matrix;these are also present 

as coatings and infillings along macropore walls,grain/ped faces,within dolomite 

dissolution voids,and as hypocoatings within both silty and clayey matrices. The 

extensive occurrence and cross-cutting nature ofpedogenic clay within the subsurface 

suggestthat multi-generational illuviation ofthese clays have significantimpacton soil-

pore water pathways. Morphological and geochemicaltranslocation datashow that 

significant pedogenic clay accumulation persists down to the bedrock contact. 

7.3 Conceptual modelfor carbonate-derived soil genesis 

Based on the findings ofthis research,a conceptual model was developed for the 

formation ofcarbonate-derived soils(Fig.25). This modelidentifies a polygenetic 

pathwayand at least five stagesofresiduum development: 

Stage 1: Developmentofresidual soil on non-MascotFm.bedrock(possibly 

stratigraphically overlying Chickamauga Group)begins,which is characterized by 

lowering ofthe bedrock dueto chemical weathering and in-situ clayformation. 
II 

Stage 2: Disruption oforiginal soil formation due to erosion. Landscape 
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Figure 25: Conceptual2-D modelfor the polygenetic formation ofcarbonate-derived 
residuum and soil genesis based on the finding ofthis research. Atleast5 stages ofsoil 
development are proposed: 1)onsetofin-situ residual soil developmenton non-Mascot 
Bedrock,2)erosion and incorporation ofresidual soil with Mascot-denved residuum,3 
burial ofresidual soil by colluvial matenal,4)dynamic geomorpbic surface with alluvial 
deposits,and 5)advanced Ultisol pedogenesis. 
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instability and subsequent developmentofsinkholes within parent bedrock exacerbates 

erosion rates in areas ofclose proximityto active sinks,resulting in the incorporation of 

residual soil with Mascot-derived followed bysoil development. 

Stage 3: Continued disruption oforiginal soil formation due to erosion and later 

influx ofcolluvial material,fillmg in topographic lows and burying the residual soil. Soil 

development begins again and early stages ofthick,clayeyBthorizons gradually 

accumulate. 

Stage4: Continued chemical weathering,in-situ clayformation and lowering of 

bedrock workintandem with illuviation and lessivage ofpedogenic clay derived from 

uppermost horizons,which are replenished by additions ofcolluvium and alluvium.Later 

stages ofthick soil developmentand significant pore occlusion occur at depths below 2-3 

m. 

Stage 5: Modem pedogenesis overprinting,or"blurring"ofboundaries between 

genetic imits resulting from advanced Ultisol developmentand maturation during the 
f 

Middle to Late Holocene. 
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8.0CONCLUSIONS 

Morphological,textural,geochemical and mineralogical dataindicate a 

polygenetic origin forthe genesis ofUltisols and carbonate-derived residuimi. Based 

upon data thatinclude mass-balance calculations for strain(volume change)and 

translocations ofclay-constituent elements,relative to Ti02,it is apparentthatthe Mascot 

Dolomite is the primary parent material for these soils. However,much clay has been 

introduced and translocated during soil genesis that would require weathering ofvery 

significantthickness ofdolostone bedrock. It is interpreted that illuviation and lessivage 

ofpedogenic clay from multiple colluvial additions,in conjimction with in-situ clay 

formation,cooperatively govem the genesis ofsoils developed on carbonate bedrock. 

Boundaries between genetic units within the soilresiduum and overlying colluvium have 

been blurred byadvanced Ultisol pedogenesis,but are still detectable upon close 

inspection. 

Related studies on advanced Ultisol pedogenesis suggest himdredsofthousands to 

millions ofyears required for their development(Birkeland,1984;Retallack,2001). The 

significant maturation ofthis residuum mayhave allowed for soil genesis to span 

intervals ofdynamiclandscape changes. Recentliterature hasproposed that periods of 

landscape instability characterized bycolluvial/alluvial activity wascommon duringthe 

Early Holocene,with the landscape becoming more stable and accompanied byintense 

pedogenesisthroughoutthe Middleto Late Holocene(Driese et al.,in press). 
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9.0SUGGESTIONSFORFUTURERESEARCH 

In orderto better quantify the time for developmentofUltisols,'"'C age dating 

should be performed on asample at or slightly below 964cm depth within borehole 1. If 

the age ofthe organic material exceedsthe range for then the horizon is clearly a 
t 

paleosol,and furthermore confirms thatthe residuum is almost entirely derived from 

polygenetic inputs ofparent materials. Another suggestion for future research includes 

the possibilityofadvanced provenance fingerprinting using neodynium isotopesof 

possible source rocks,such asthe stratigraphically overlying Chickamauga Group. To 
t 

better identify relict surfaces,total organic carbon(TOG)could be measured and plotted 

with depth. Because the Ultisols present atthe Strong Farm are relativelylow in organic 

content,subtle increases in TOC maybe easily recognizable. Additionally,entire 

micromorphological,geochemical,and clay mineralogical analyses should be performed 

on the remaining core material. 
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Appendix A: Macromorphology 

Borehole1 
BOREHOLE DEPTH HORIZON TEXTURE DESCRIPTIONCOLOR 1 COLOR 

(cm) (moist) 1 (mottles) 
El 0-14 Ap 10YR4/2 gel grassand fine roots,chertgravel are 1 to5cm(<30%), 

abmptsurfece boundary(anthropogenic fill) 

El 14-26 AE 10YR4/3 si fine(<lcm)and disseminated chert fî gments(<15%) 

El 26-^7 BE 10YR4/2 scl Mn-oxide concretions(<lcm),gradationalboundaryto Btl 

El 47-57 Btl 10R4/6 c Mn-oxide concretions(mostly<lmm,some<05cm),sharp 
contactwith very fine-gramed sandyzone,yf-fand disseminated 
chertfi:agments 

El 57-59 Btl 5Y8/1 5Y6/6 vfe enigmaticongm,possible fluyial or pedogemcongin,mottled 
Interbed region 1-2cm surrounding fine-med gramed sands 

El 59-233 Ba 10R4/8 lOYR 7/6(10%) c disseminated Mn-oxide conCTetions^particIes,highly weathered 
chertfi:agmentsat 101& 125cm(<lmm75%,<lan25%), 
yellowisb-orange mottles'-2-5cm&concentrated 
at 115-118cm&145-155 cm,presence ofMn-oxide&desout 
and IS lostat~110cm,sharp contact with organic-nch layer 

El 233-239 Bt2 10YR4/3 SYR6/8(15%) mosc med gramed sands are well-sorted with some organic matter,vf 
Interbed roots,Mn-oxide concretions(<3mm),diert fragments(<2-3cm), 

mmor mottles(~5%),sand gramsare concentrated atbase of 
orgamc matter 

El 239-367 Bt3 25YR4/8 7SYR6/8(20%) c mmortono chert exceptat286-290cm(mod weathered 
fragments<4cm aooss),mottled region with redox features 
surroundmg(<1cm)chertfragments,wavysharp contact with 
underlymg organic-ridizone 

El 367-370 Bt3 10YR4/3 vfol silty-fine gramed sands are mixed dolomite&well-rounded qtz, 
Interbed presence ofangular dolostone/lunestone(<15%),fine-subangular 

blocky ped structure,black chert(mmor),possible fingipans 

El 370-470 Bt3 25YR4/8 7SYR6/8(20%) c mmorto no chert until418cmand lower(<1cmand 

concentrated in thm bands<2cm),mottles scattered throughout, 
Mn-oxideIming ped &ces 

El 470-591 Bt4 25YR4/8 7SYR6/8(20%) c similar to above but also contamsred mottles&overall more 

lOR 3/4(10-15%) pervasive mottlmg,chert fragments(<5-10%)and Mn-oxide 
concretions("5%)are< 1 cm(rare chert~3cm), 
some chertand ped facesImed with Mn-oxide,sharp contact with 
underlymg sandy layer 

El 591-602 Bt4 25Y 7/4 vfe fine^ed gramed sands,unconsolidated to very weakly cemented, 
Interbed enigmaticongm,possible fluvial or pedogemcongm,also possible 

sandstone mterbedongm 

El 602-707 Bt5 2SYR3/6 lOYR8/8(25%) SIC heavily mottled,black chert(<10%,<1cm),mmor Mn-oxide 
7SYR6/8(15%) concretions(<3mm),-^25cm possiblyshowmg convoluted 
25Y 5/3(10%) beddmg(saprolite mterbed-?),sharp contact w/underlymg sands 

El 707-709 Cr 7SYR4/4 f-msc presence ofmicaceous material,friableto slightly cemented, 
enigmaticongm 

El 709-964 Bt6 7SYR6/8 7SYR4/4(20%) c similar to Bt5 but with majorgray diertfragments/mterval at715-
2SYR3/6(20%) 722cm(<4an),white-gray kaolmitic(?)clay on ped &ces 
lOYR8/8(20%) and suiToundmg chert,Mn-oxide pervasivelyImmg ped &ces(~5%), 

convoluted beddmg(saprolite mterbed-?)with kaolmiticzones 
2-5 mmthick 

El 964-1058 BC 25Y 4/4 7SYR6/8 c slightly greenish-brown moistclay,mmorangular chert,some 
2SYR3/6 chert with silty nnds,mmordolostone/lunestone(<1 cm), 

disseminated Mn-oxide(<2%),surfaceofcore plug at 1056-1058 
cm depth contamthm coatofsitly-vfg dolomitic/lune sands 

(effervesces with acid) 

Ceyto textural classes: vf- very fine-grained,f- fine-grained,m-mediiun-grained,c-
clay,si- silt, s- sand,g- gravel,1- loam,o- organic. 

77 



Borehole2 
BOREHOLE DEPTH HORIZON COLOR COLOR TEXTURE DESCRIPTION 

(cm) (moist) (mottles) 

B2 0-12 Ap I0YR4/2 si grassand tine rootspresent,minor chert(<S cm), 
gradational contact widi underlvmcAehonzon 

B2 12-41 AE lOYR 3/3 cl fineroots present,muiorchert(<5cm),gradational 
contact With underlvmgBehonzon 

B2 41-92 BE lOYR 3/4 sicl fineroots present,minorchert(<2cm&some diss-
emmated),Mn-oxideImmgpedfaces&dissemmated(2-5%), 
gradational change to silty clay(lOYR4/6)with sli^tly higlier 
chert&Mn-oxide(S-10%each),gradationalcontactwith under-
IvmcBthonzon 

B2 92-182 Btl SYR4/6 c chertfingmentspresent(S%,lightgray to white,mostly diss 
emmated,<1 cm,mod-deq)iyweathered),Mn-oxide 
Immgped&chertfaces alsofound assmall concretions(<5%, 
<2mm) 

B2 182-336 Bt2 SYR4/6 7SYR6/8(1S%) c similar to Bt]butwith associated mottles,7SYR6/8 mottles 

lOR3/4(10%) quickly grades mto more reduced color(lOYR6/6),significant 
chertzonesat2S1-2S4,264-267,298-300,&307-310cm(<2cm) 

,mmorMn-oxideImmgped faces,overall gradational 

contact with Btj 

B2 336-390 Bt3 SYR4/6 10YR6/6(2S%) c smulartoBtibut with differentmottlmg,chertfragmentssimilarto 

ICR3/4(15%) above butonly mod.weathered,gradational contact with Bt4 

B2 390^60 Bt4 SYR4/6 10YR6/6(40%) c similar to Bt3but widi different mottlmg,significantchertzone at 

ICR 3/4(20%) 392-396cm(<25cm) 
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Borehole3 
BOREHOLE DEPTH HORIZON COLOR COLOR TEXTURE DESCRIPTION 

(cm) (moist) (mottles) 

B3 0-20 Ap/AE 5YR3/3 csl grassand fineroots present,chertfragments(rounded&sub-
angular withsomeoccnmngascauliflower chert,upto 1 cm 

- across),Mn-oxtde presentas mfiUmgswithm cauliflowerchert& 

1 
asconcretions(<4nun),gradational contactwith under 
lyingBt|(noobviousBEhorizon) 

B3 20-98 Btl 10R4/6 75YR6/6 c veryfinerootspresent,mostlydissemmated chert(mmor,<2mm), 
Mn-oxide concretions(mmor;<2imn),clay 
gradabonallybecomesdenser,significantchertlayer at98-101cm 
(<2cm,20%,mod.weathered)with mottlessurronndmg 
zone,Mn-oxide gradationallv notpresentat98cm) 

B3 98-220 Bt2 10R4/6 5Y6/4(20%) c similar to Bt|butwith mottlespresent,5Y6/4 mottlesshows 

7SYR6/6(10%) evidence ofredox depletedconditions 
2SYR 3/4(10%) 

B3 220-344 ; Bt3 10R4/6 5Y6/4(35%) c snmlar toBt2butwith dififrrentmottlmg,chertyzonesat250-254 
1 7SYR6/6(10%) (mod.-deeply weathered,<1 5cm),302-307(slightly-mod. 

2SYR3/4(10%) weathered,same size),&315-338cm(mod.weathered,<3cm), 
redillnviatedclav(mottle25YR3/4)upto20%at~250cm 

B3 344-S04 Bt4 10R4/6 2SYR3/4(25%) c similarto Btjbutwith different mottlmg,mmor Mn-oxidecon 

5Y6/4(25%) cretions&Immgped frices(<3imn)occurrmg mostly adjacentto 
7SYR6/6(10%) deeply weathered chertfragments(<2nmi),cauliflower chert 

fragmentsat437-441&456-459cm(<2cm across,one with
i (busyquartzcrystals),sharp contactat504with illnviatedred 

clav"plume"heavilv concentrated abovecontact 

B3 504-505 Bt4 10YR4/3 si wavycontactwith over/underlymghorizons,brownloamy material 
Interbed appearssh^tlycementedandcontamssnbronnded"sod"clasts, 

clastsleft undismrbedforfUture petroeraphicanalysis(B3-P1) 

B3 505-575 1 Bt4 10R4/6 2SYR3/4(25%) c snnilar to Bt4,majorchertfragments/commmnted mtervalat545-

5Y6/4(25%) 558cm(<2cm,mod.-deeply weathered)with presenceof 
7SYR6/6(5%) fine qtzsand withm suironndmg 1 cm clay matrix(lOYR 7/3) 
lOYR 7/3(5%) 

B3 575-586 1 Bt5 10R4/6 so zoneoff-m gramed,rounded qtz sandyclay issame coloras 
dommantclav,nomottlmeispresentaround remon 

B3 586-665 Bt6 25YR4/8 2SYR3/4(15%) so sandyclaypocketspresent(snmlartoabove,~2cm wide,10-15%) 
10YR7/6(15%) ,chert frag-meatsscattered(5%,mod.weathered),Mn-oxide 

concrebons(<1cm)&Immgped &ces,chertfiagments,& 
sandyixickets 

83 665-710 Bt7 25YR4/8 10YR6/8(50%) c thm(1-3mm)wavy-concentncbandsofmottles,mottlmgismore 
organized/sbnctnred with mcreasmgdepth(possibly fliowmg 
convolutedbeddmg(saprobte mteibed-?),Mn-oxidesameas 

] above 

B3 710-724 , Bt8 25YR4/8 SYR25/1(30%) c overallbrownm',much wetter clay,Mn-oxideImmgped fiices/ 
mottled surfaces(15%),eradabonalcontact withnnderlvmnclav 

B3 724-730 Bt9 5YR25/1 2SYR4/8(30%) c mcreasmgly brown color,Mn-oxideImmgped&ces/mottled 
surfices(10%) 
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Borehole4 
BOREHOLE DEPTH HORIZON COLOR COLOR TEXTURE DESCRIPTION 

(cm) (moist) (mottles) 

B4 0-9 Ap lOYR 3/2 gsl gravelly siltloam,grassand fine roots,chertgravel< 1 5cm 
across(cauliflower chert also present),gradational contact with Ae 

B4 9-18 AE 10YR4/4 si fine& very fine roots,dissemmated chert(< 1mm),gradational 
contact w/BE 

84 18^6 BE lOYR5/6 sc very fine roots(neartop),chertfragments mclude cauliflowertype 
(<05cm,mostly disseminated,deeply weathered,<5%), 
Mn-oxide presentasconcretions(<2mm,<5%)and ascomplete 

mfillings w/m cauliflower chert,gradational contact with Bti(onset 

ofvery high concentration ofred illuviated clays) 

84 46-60 Btl 1OR4/6 c clay,homogenousand dense,minorchertfragments(<3mm, 
deeply weathered) 

84 60-61 Interbed 7SYR 5/6 vfgssi no presence ofmicas,vfg sands are very well-roimded&sorted 

84 61-78 Btl 10R4/6 c same asBtl 

84 78-79 Interbed 7SYR 5/6 vfessi no presence ofmicas,vfg sands are very well-rounded&sorted 

84 79-363 Bt2 IOR4/6 lOYR6/6(10%) c sunilar to Btl,but with mmordisseminated chert,mmorMn-oxide 

ICR 3/4(5%) concretions(<2mm,mostly dissemmated),mottlesare 
scattered,chertfragments mostly lunited to 231-232cm,315-317 
cm,and 331-333cm(mod-deeply weathered,<lcm),Mn-
oxide gradationally not present(^,185cm) 

84 363-494 Bt3 1OR4/6 7SYR6/8(20%) c similar to Bt2,significant chert mterval markscontact w/Bt:&may 

25Y 7/6(15%) suggestcolluvial deposit due to presence&signature ofMn-oxide 
lOR 3/4(5%) (most Mn-oxide found mBE+Btl horizons m other cores,<4mm 

,5-10% near base of363-376cm diert mterval),other chert 
fragmentsare scattered(<05cm,mostly dissemmated), 

sharp contact with Bt4 clay gradually becommg wetter w/depth 

84 494-572 Bt4 25Y 7/6 7SYR6/8(15%) c clay with thick(<lcm)wavyzonesofkaolmitic-like clays,Mn-oxide 
IOR4/6(10%) presentasthmImmgson ped fiices&also dissemmated,clay 
1OR3/4(10%) gradually becommg wetter w/depth 
25Y 8/3(10%) 

84 572-590 Bt5 7SYR6/8 SYR4/6(25%) v&c sandyclay,vfg highly oxidized quartzsands,significant chert 
1OR4/6(20%) mtervalfrom 590-593on(<2cm,slightly weathered),sands 
25Y 7/6(20%) only occur aspocketsordissemmated withm horizon(25%of 
lOR3/4(10%) horizon is vfg sands),<5%Mn-oxide concretions(<2mm) 

andImmgpedfaces,sharp contact with Bt6,sands are well-sorted 
and rounded 

84 590-645 Bt6 25Y 7/6 7SYR6/8(35%) c Similar to Bt5,lacks kaolmite,5-10% Mn-oxide linmg pedsand 
concretions(<3mm)&dissemmated,lacks vfg sands,sharp 
contactw/chert frags/mterval(a),645cm 

B4 645-765 Bt7 lOR 4/6 lOR 3/4(20%) sc Transition mto darker/redder colorsoverall,kaolmiticzone@677-
25y4/4(20%) 680cm mixed with brown clayand w/nnd ofvfg-sandyclay(same 
7SYR6/8(10%) as572-590cm)andan outermostrmd ofMn-oxide(<2mm),chert 

fragments(<05cm,mostly dissemmated,very deeply weathered), 
Mn-oxide presentImmg pedsand pore walls(<3mmthick)and as 
concretions(<3mm),wavy-sharp contactw/Bt8 

84 765-831 BtS 25Y4/4 10R4/6(15%) gcs Much browner overall,thick(<05cm)seam ofkaolmite@contact, 
5Y6/2(10%) scattered chertfragments(10-15%,deeply weathered)often 

contammg coatofkaolmite(<2cm),^am contact w/Bt9 

84 831-863 Bt9 25Y6/6 2SYR4/6(10%) c Significantchert mtervalfrom831-838cm(slightly-mod.weathered, 
lOR3/4(10%) <3cm),gradationalsandycontact w/BtlO 
lOYR 7/6(10%) 

SYR5/8(5%) 

84 863-874 BtlO 2SYR4/6 SYR5/8(25%) OS Clayey-sand,sands are med-gramed(80%sands,20%clay)and 
25Y6/6(20%) wellsorted +rounded,sandsshow oxidized color(red/orange), 
10YR7/6(15%) mmor Mn-oxide asseam w/m sands(<lmm thick),no micas 

84 874-880 Btll 25Y6/6 25Y 3/3(10%) gc Sharp contact w/overlymg BtlO,Blue-graychert(<05cm)with 
Gley26/10B(10%) presence ofbluish-white kaolmite,mmor Mn-oxideImmgped&ces 
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Borehole5 
DESCRIPTIONBOREHOLE DEPTH HORIZON COLOR COLOR TEXTURE 

(cm) (moist) (mottles) 

B5 0-11 Ap 10YR3/2 gsl Grassand fine roots,sub-angnlar blocky peds,disseminated 
chert(<5%).eradational contact with AE 

B5 11-23 AE 10YR3/3 s Fme-med.roots,dissenunated chert,eradationalcontactw/BE 

BS 23-63 BE 10YR5/6 sc Very fine rootsnear top,mostly dissenunated chertw/some 
cauliflower vanety w/mside completely filled w/Mn-Oxide, 
reg chert(< 1 cm) w/3mm Mn-oxidermds,Mn-oxide also 
presentasconcretions(<2mm),mmorred(Fe)concretions 
(lOR4/8,<2mm),gradationalcontactw/Bti 

B5 63-131 Btl 5YR4/6 25Y8/2(10%) sc Dissemmated chert,Mn-oxide concretions(< 1cm,5%),Bti 

10R3/4(5%) notas"red"asother cores'Bti,wavy-sharp contactw/Btr 

B5 131-148 Bt2 5YR4/6 sc Sdty-clay similarto Bti,fiagraentsofvfg-sandstone/siltstone 
(lOYR8/4)w/NO micasandNOeflfervescence(<lcm), 
dissemmated Mn-oxide/concretions(<lmm)w/m silty clay, 
sharp contactw/chert mterval(148-150cm.mod.weathered) 

BS 148-229 Bt3 5YR4/6 5YR 5/8(10%) c Scattered chert flags(<lcm,mod.-deeply weathered,5-10%), 
10R3/4(5%) Mn-oxide concretions(<05cm,5%)and dissemmated,sharp 

contactw/mottled brown clay below 

BS 229-237 Bt4 25Y4/4 5YR4/6(40%) c Greenish-brown clay,dissemmated chertand Mn-oxide,shaip 
10R3/4(10%) contactw/nnderlymg weathered dolostone flags.+silts(tan-

white.25Y8/1) 

BS 237-251 Cr 25Y 8/1 gs Mod.-deeply weathered dolostone flagments(<3nmi)and silts, 
effervesces w/HClacid,sliam contactw/Btn 

BS 251-294 BtS 10YR3/3 25Y4/4(15%) c Greenish-biown clay,mostly dissemmated chert(some<3inm), 
5YR4/6(10%) clay beconimg more moistw/depth,mmorred clay concretions 

(lOR4/8),mottles are scattered andinegular,sharp contactw/Bt; 

BS 294-312 Bt6 10R4/8 10YR3/3(30%) c Dense clay,mmor deeply weathered dolostone(almostclay-like, 
10R3/4(20%) <5mm,whmsli-gray),mmorMn-oxideconcretions(<3nim),sharp 

contact with Bts 

BS 312-330 Bt7 10YR3/3 10YR3/3(10%) gsc Scattered dolostone(slightly-deeply weathered,grayish-white, 
25Y4/4(20%) <lcm),wavy-clearcontact with Bt? 

BS 330-350 Bt8 lOYR 3/3 10YR3/3(30%) c Sirmlarto Btj,butwith 5-10% deeply weathered bedrock,5%Mn-
1 

10R3/4(10%) oxide.sham contact with 2Cr 

BS 350-368 Cr2 10YR2/2 gs Whitish-tan,deeply weathered dolostone bedrock w/dolostone 
silts, flagmentsare<4cm diameter,dense dark claynndbordermg 
contact(<05cm thick.lOYR2/2) 
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Borehole6 
BOREHOLE DEPTH HORIZON COLOR COLOR TEXTURE DESCRIPTION 

(cm) (moist) (mottles) 

B6 0-15 Ap 10YR4/3 5YR4/6(15%) 1 Fme-med.roots,moderate-fine eranularped&bnc 

B6 15-35 Btl 25YR4/6 75YR6/8(30%) c Fmeroots,moderate-line subangularblockypeds,distmctclay 
filmson lacesofpedsandlinmgpores,chertfragments(white-
Rray,mod.-deeplv weathered,5%) 

B6 35-110 Bt2 25YR4/6 75YR6/8(40%) c Few very fineroots,subangularbloekypeds,distmctclay filmson 
freesofpeds,chertgravel,andImmg pores,-2%chert(sameas 

above),gradabonalboundaryw/Btr(mcludmgcolor vanatton) 

B6 110-138 Bt3 10R4/6 10YR7/8(10%) c Subangularblockypeds,mmor motthng;<5%chertgravels(mod.-
deeplv weatliered) 

B6 138-196 Bt4 10R4/6 10YR7/8(30%) c Subangularblockypeds,more prortunentyellowtsh mottles,~5% 
cherttowards bottom(mod.Weathered,< 1 cm) 

B6 196-243 Bt5 10YR7/3 25Y4/4(20%) c Subangularblockypeds,more dynarmc mottlmg present,mmor 
10R4/6(20%) dissermnated chert 

B6 243-295 Bt6 10YR7/8 10R4/6(25%) c Subangnlarblockypeds,chertfragments(mod.Weathered,< 1 5 
cm),saprolitrc signature presentfrom 250-260cm 

Borehole 7 
BOREHOLE DEPTH HORIZON COLOR COLOR TEXTURE DESCRIPTION 

(cm) (moist) (mottles) 
B7 0-9 Ap 10YR 4/3 gs Sub -angular blocky peds.grass fine roots,scattered chert 

chertfragments(<10%,<1cm)and disseminated,Mn-oxide 
lining chertfragments,somec^ert w/red clav coats 

87 9-16 AE lOYR 3/3 gsl Sub -angular blocky peds,veryfineand fine roots,scattered chert 
(<20%).Mn-oxtdesameasabove,clear-gradatlonal contact w/BE 

87 16-37 BE 10YR5/6 gsc Veryfine roots neartop.significant chert interval@24-33cm 
(<3cm),scatterered chertfragments(<1 5cm)w/someas cauli 
flowerw/ Mn-ondeand red clay infiliings, minorred clay concretions 

(<3mm,10R4/6),gradational contact w/ Btt 

87 37-82 Bt1 SYR4/6 c Scattered chertfragments(<1cm,10%)and disseminated, 
significant chert interval@82-86cm(<3cm,white,deeply 
weathered. Mn-oxide concretions(<05cm.<5%)and disseminated 

87 82-133 Bt2 SYR4/6 SYR6/8(10%) c Similar to Bti, but without Mn-oxide, mintx'disseminated chert 

87 133-302 Bt3 SYR4/6 10R3/4(26%) c Significant chert intervals@133-136cm and 151-158cm(<2cm, 
10YR6/8(15%) grayish-white, mod -deeply weathered),chertfragments(Si270-272 

<1cm),dear-gradational boundaryw/ Bt4 
87 302-341 Bt4 25Y7/8 SYR 4/6(30%) c Clayshowing moreredu^colors,no chertfragments or Mn-oxide. 

ICR 3/4(5%) onesmallzone of kaolinlte(1cm'),clear boundaryw/ Bts 
87 341-481 Bt5 SYR4/6 10R3/4(15%) c Minor disseminated chert, Mn-oxide concretions(<3mm,<5%)and 

25Y7/8(5%) iining ped faces 

87 481-536 Bt6 SYR4/6 10YR 4/3(35%) c Scattered chertfragments(<1cm,10%,tan,deeply weathered). 
10R3/4(5%) Mn-oxide lining ped faces(<3mm thick),sharp contact w/ Bt/ 
7SYR6/8(5%) 

87 536-574 Bt7 SYR5/8 c Significant chert interval(Si 536-538cm,no mottling,very minor 
disseminated chert,homogenous dense clay: gradational contact 
with Bts 

87 574-599 Bt8 SYR5/8 10YR4/3(30%) c Scattered and disseminated chert(<05cm,5-10%,very deeply 
weathered, Mn-oxideconcretions(<2mm,<5%)Bnd iining peds, 
sharp contact with Btg 

87 599-655 Bt9 SYR5/8 10R3/4(15%) c Significant chert interval@599-602(<0Scm),minorscattered & 
10YR4/3(10%) disseminated chert(<0Scm,very deeply weathered), Mn-oxide 
2SY6/8(10%) concretions(<3mm,10%)and lining ped faces,no bedrock at 

base ofcore 
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Appendix B: Gravimetric Water Contentfor Boreholes B2-B3,B5-B7 
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Appendix C: Thin-section Micrographs 

All thin-sections are 7.5 em by5em,images shown below are approximately 1:1. 
Up orientation is towards the top ofthe page. 
Allimages were scanned using a flat-bed scanner with transparency attachment. 

Borehole 1 

"^.5. 43-51 cm depth 
Thin-section showing gradational boundary between 
BE and Btl soil horizons. 

Note common,large multigenerational Fe-oxide 
concretions. 

,jC-V 

* A 

*. * 

Bl-P1-43-51 

233-239em depth 
3^: Highly oxidized clay with loamy interbed possibly 

representing surficial(A orBE)sandyloam infillings 
within a decayed root pore. 

Bi P2 233 239 
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pj 367 

i -so 

Bl - '4 5S4 562 

367-373 cm depth. Soil Horizon Btl, silty clay 
Possible loamy infilling within root pore, 
pedogenic elay coloration and mottling clearly 
showing active macropores. 

554-562 cm depth. Soil Horizon Bt4, clay 
Well-developed, Fe-rich pedogenic clay coatings. 
Note weathering rim around perimeter of dolostone 
fragments. 
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BI-P5-595-602 m 

Mm% 

•Kr ^ 

1 
i / 

B1-P6-671-678 U 

595-602 cm depth, Soil horizon ?, silty sand. 
Heavily mottled horizon eomposed largely of 
fine to med.-grained Qtz. sands and dolomite 
silts. Sands are sub. to well-rounded, as are 
common pedogenic clay papules. Note the 
subrounded calcareous siltstone lithorelicts 
toward the bottom left. 

671-678 cm depth. Soil horizon Bt5, gravelly 
sandy clay. Large fragments of moderately 
weathered dolostone (similar to Mascot) that 
grades dovraward into well-rounded fmg sands. 
Note the lighter colored, deeply weathered 
sandstone lithoreliets directly above large 
dolostone fragment in the middle. 
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B1-P7-707-714 
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707-714cm depth,Soil horizon Cr 
Gravelly sandy clay. 
Prominentfeatures include many deeply 
weathered sandstone lithorelicts,zonesofsilt 
infillings and redox. mottling. 

796-803 cm depth, Soil horizon Bt6 
Gravelly silty clay. All RF and sand grains are 
angular. Heavily mottled and convoluted bands 
of multigenerational pedogenic clays and Fe-
oxide coats. Angular ped. clay papules and vfg 
-sandstone lithorelicts. 

' 1 ^ ,7 ■/' ■ _ , 92 
Bl-(>8-7')f>-807 ? 
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P9 979 986 

Vk r:. 

979-986 cm depth, Soil horizon Cr2 
Gravelly silty clay. 
Note the horizontal relict bedding of deeply 
weathered shale and siltstone lithorelicts. 
Deeply weathered plant material / root traces. 
RF include coarse-equant dolostone and 
oolitic/pelloidal dolostone. 

'Ik 

1023-1030 cm depth, Soil horizon Bt7 

^ 
Clay
This may represent BE horizon (toward top) and 
transition into Btl of the true soil residuum. 

• Very clay-rich, common RF, few root traces and 
burrows with dolomite silt + silt/vfg- Qtz. 

t infillings, presence of fecal material 

A-

w 
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Borehole2 
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29-37 cm depth. Soil horizon Ae 
Clay loam 

»!■ ".■■*•''*■ \'\ ' ' '1 Fine and very fine roots and eommon, large 
multigeneration Fe-oxide eoneretions. 

'V' 

34• " • P • • •• •" "•^ "" ■• ;'^4' '' "' ■ '^' ■ a.- " £•' *".■' ' ■-■ • 
B2-Pl-29-^ 

r. 4itr£^>» 

if 

412-417 cm depth, Soil horizon Bt4 
fc . '4: Clay■:-.•< 

Dense homogenous elay with some near■S- ' ■ I 
'•>•2 horizontal bands of very deeply weathered 

siltstone lithorelicts and thick bands ofpedogenic 
—A 

«"rw, clay. 

rtfv 

-

t 
B2-P2-412-417 
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Borehole4 
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3-10 cm depth, Soil horizon A 
Loam 
Abundant vermiform and insect fecal material 
near top of slide. 

I ■ j. -? 

B4.P1.3-10 

■■ 

• . ^s*. ! 

' ■If
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i ^ 
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41 

jtr <V*-n/ 
»»» 

44-52 cm depth, Soil horizon BE + Btl 
Silty clay 
Very few very fine roots neeir top, common 
dessication cracks, macropores quickly become 
occluded with pedogenic clay below contact. 

- • ■ 

B4 P2 44-52 
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B4-P3-572-580 

I 
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% 

572-580 cm depth, Soil horizon Bt5 
Gravelly sandy clay 
Common dessication cracks, extensive multi-
generation pedogenic clay coats on pore walls, 
ped & grain faces. Note deeply weathered 
sandstone saproreliet near top. 

598-606 cm depth. Soil horizon Bt6 
Sandy clay 
Slightly convoluted layering (reliet bedding ?), 
RF inelude deeply weathered shale lithorelicts 
and Mascot-like dolostone. 

B4 P4 598 606 
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B4-P6-873-880 

4 

813-820cm depth,Soil horizon Bt8 
Gravelly clay 
Significant^'sthat include deeply weathered 
shale lithorelicts and Mascot-like dolostone, 
some pores/grains/shale lithorelicts coated w/ 
kaolinitic cement,ped.clay coats,and thick 
Fe-oxide coats. 

k ^ 

873-880 cm depth. Soil horizon BtlO + Btl 1 
Clayey sand 
Overall greener, drab coloration of clays, 

'i; -. sands are med.-coarse grained, moderately to 
well-sorted, and well-rounded, sharp contact 
b/w BtlO and Btl 1 (gravelly clay). 
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Borehole5 

m 

I ^ .r: 
; 

.w 

B5-P1-235-243 

MascotBedrock 

235-243 cm depth.Soil horizon Bt3+Cr 
Gravelly clay 
Heavily mottled with common dissication 
cracks,Fe-oxide coats,hypocoats and small 
concretions,sharp contact with basal(fine-med. 
grained)MascotDolostone bedrock with thick 
multigeneration pedogenic clays directly above. 

1 

•?p 

Fine to medium grained dolostone w/some coarse-grained dolomite spar-filled cements, 
minor pedogenic clays filling macropores,few Fe-oxide cements along intergranular 
grain faces and pore walls. 
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Appendix D; Particle Size Analysis 

I.D. DEPTH HORIZON Ps Total Sample Sand Fraction SUt&Clay Clay% Ctay%*0.01 

(cm) (K/cm3) Wt.(R) Wt(E) Fnic.Wt(g) ofXDC Solution 

BM 10 A 2.67 14.998 5.192 9.806 67.75 0.6775 

Bl-4 40 Be 2.73 15.006 3.11 11.896 50.35 0.5035 

Bl-5 58 Sandy Interbed 2.63 15.008 2.92 12.088 64.4 0.644 

Bl-9 140 Bt, 2.72 14.992 0.528 14.464 90.3 0.903 

Bl-17 305 Btj 2.78 15.002 0.406 14.596 94.1 0.941 

Bl-22 407 Bt4 2,77 15.001 0.205 14.796 81.75 0.8175 

Bl-28 527 Bt, 2.74 15 2.016 12.984 S3 0.83 

Bl-31 595 Sandy Interbed 2.56 15.003 8.199 6.804 59.9 0.599 

Bl-34 655 BU 2.71 14.995 1.562 13.433 89.6 0.896 

Bl-41 815 Bt, 2.90 14.996 0.16 14.836 77.6 0.776 

Bl-50 1050 Bt« 2.69 15.003 1.045 13.958 68.75 0.6875 

B4-1 10 A 2.64 15.005 3.93 11.075 45.7 0.457 

B4-3 30 Be 2.91 14.1874 3.27 10.9174 47.5 0.475 

B4-5 60 Sandy sflt Int w/ Bti 2.65 14.993 1.573 13.42 76.5 0.765 

B4-1I 180 Bt, 2.72 14.998 0.207 14.791 71.1 0.711 

B4-23 425 Bt4 3.09 14.913 0.671 14.242 73 0.73 

B4-27 510 Bt, 2.67 15.005 0.II6 14.889 68.5 0.685 

B4-32 610 Bt, 2.94 12.711 1.922 10,789 68.85 0.6885 

B4-36 690 Bt, 2.75 15.004 0.21 14.794 86 0.86 

B4-42 810 Bt, 3.12 14.948 0.523 14.425 55 0.55 

B4-44 850 Bt, 2.81 15.08 0.209 14.871 74.9 0.749 

B4-45 870 Clayeysand 2.74 15.017 5.186 9.831 61 0.61 

B4-46 880 Bti, 2.66 14.997 4.454 10.543 44.75 0.4475 

after 2mm sieve 

Silt Fraction Ctay Fraction Sand SUt Ctay ToUl Cum Ctay Cum SUt Cum Sand 

Wt(R) Wt(R) Fraction% Fraction% Fraction% +Clay + Silt+Clay 

3.162435 6.643565 34.62 21.09 44.30 100.00 44.30 65J8 100.00 

5.906364 5.989636 20.73 39.36 39.91 100.00 39.91 79.27 100.00 

4303328 7.784672 19.46 28.67 51.87 100.00 51.87 80.54 100.00 

1.403008 13.060992 3.52 9.36 87.12 100.00 87.12 96.48 100.00 

0.861164 13.734836 2.71 5.74 91.55 100.00 91.55 97.29 100.00 

2.70027 12.09573 1.37 18.00 80.63 100.00 80.63 98.63 100.00 

2.20728 10.77672 13.44 14.72 71.84 100.00 71.84 86.56 100.00 

2.728404 4.075596 54.65 18.19 27.17 100.00 27.17 45.35 100.00 

1397032 12.035968 10.42 932 80.27 100.00 80.27 89.58 100.00 

3323264 11.512736 1.07 22.16 76.77 100.00 76.77 98.93 100.00 

4361875 9.596125 6.97 29.07 63.96 100.00 63.96 93.03 100.00 

6.013725 5.061275 26.19 40.08 33.73 100.00 33.73 73.81 100.00 

5.731635 5.185765 23.05 40.40 36.55 100.00 36.55 76.95 100.00 

3.1537 10.2663 10.49 21.03 68.47 100.00 68.47 89.51 100.00 

4.274599 10.516401 1.38 28.50 70.12 100.00 70.12 98.62 100.00 

3.84534 1039666 4.50 25.79 69.72 100.00 69.72 95.50 100.00 

4.690035 10.198965 0.77 31.26 67.97 100.00 67.97 99.23 100.00 

33607735 7.4282265 15.12 26.44 58.44 100.00 58.44 84.88 100.00 

2.07116 12.72284 1.40 13.80 84.80 100.00 84.80 98.60 100.00 

6.49125 7.93375 3.50 43.43 53.08 100.00 53.08 96.50 100.00 

3.732621 11.138379 1.39 24.75 73.86 100.00 73.86 98.61 100.00 

3.83409 5.99691 34.53 25.53 39.93 100.00 39.93 65.47 100.00 

5.8250075 4.7179925 29.70 38.84 31.46 100.00 31.46 7030 100.00 
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Particle Size Analysis Method and Protocol 

[Schultz's Handy-Dandy Guidefor a Detailed 
Particle Size Analysis Using an X-Ray Disc Centrifuge(XDC)] 

MATERIALSNEEDED("after preparation ofsamples^ 

1) Pipette with Tygon tubing attachment 
2) Kimwipesfor proper disk cleaning and drying(do notuse abrasive paper! 

This will scratch and damage the disk) 
3) 2beakers for flushing/cleamng out disk between sample runs 
4) Geiger counter and clip-on dosimeter 
5) Zip disk for recording data 

PREPARATION OFSAMPLES: 

1) Mortar and Pestle sample;weigh total(standard 15 g) 
2) Pass through2mm sieve; weigh retained material 
3) Material passing through: 

-Add chemical dispersant,i.e. Na-hexametaphosphate(0.75 gfor 15 g 
sample)and 150mLDIwater 
-Physical dispersion(Sonification)for214 min.at33% 

4) Wetsieve using 53 pm and distilled water 
5) Oven dry and weigh retained material(sand fraction) 
6) Drysieve sand fractions ifdesire detailed sand distributions 
7) Subsample at least30mLofsuspension forPSD using BI-XDC 
8) Oven dryremainderofsuspension for measurementofParticle Density 

(~10g needed usingPycnometer method) 
9) Record Ps 

• Note-Notwo samples are the same!!! TheXDCrequires25 mL 
sample solutions at concentrations of0.5-5.0%byvolume. Samples 
containing greater Fe,Ti,Mn willrequire more dilution(~0.5%)than 
those containing lesser amounts(-5.0%).This is because Fe-enriched 
soils/samples typically have higherPsthan Fe-poor samples;samples with 
higherPs have greater attenuation ofthe X-rays,therebyrequiring lesser 
concentration levels to achieve an ideal0.3 Volt separation between the 
upper and lower baselines measured on the XDC. 
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RUNNINGASAMPLEONTHEXDC: 

1) Anideal protocolfor running sampleson the XDCinvolves2sets of 
measurementsin X-mode(centrifugal mode): 
-Set 1: X-moderunning for5 min.@1000rpm yields range~4.3-0.27 
pm 

-Set2: X-moderunning for80min.@7000rpm yields range ~0.6-0.01 
pm 

• Note-this protocol is good for samples havingPsranging from 
2.40-5.00 

(Increase inPs=Increase m Lower Diameter rauige&Decrease in 
High Diameterrange) - , 

2) Double-click on Brookhaven desktop icon to begin software 
3) PoweronXDC(switch in back) 
4) Iffirstrun ofday,inject 10mLofdistilled waterin disk for Upper 

Baseline measurement 

5) Press"Head"button with left and right arrowsto slide X-ray detectors into 
place 

6) Turnon X-raytube byturning key on panelfrom"offto"on"position 
and let warm up for 30-45 min.(always makesure distilled water is 
presentin disk before powering on X-rays) 

7) Press"clear"on the window forthePSD software(this ensures a new 
sample will be run) 

8) Click on"Parameters"and setthe appropriate sample I.D.,mode,Ps,etc. 
and click"save" 

9) Click"start"to begin measurement 
10) A window will pop-up with instructions for loading the sample 

Click"start"to measure upper baseline(10mLofdistilled water 
should already beloaded) 
Ifmultiple samples are to berunin the same day,you can save the 
upper baseline and load itfor the additionalsamples 
Click"continue";anew window appears=remove 10mLdistilled 
water with pipette and dry disk 
Nextload 25 mLofsample after thoroughlyshaking/mixing and 
press"mix"on the XDC panel 
After mixing for about a minute,press"start"to begin 
measurementoflower baseline(Note-there should beroughly0.3 
V difference between the upper and lower baselines) 
The window willinform you to press"mix"again to stop mixing; 
as soon as disk stops turning press"start"on either theXDCpanel 
oronthe current window to begin measurement 

11) When sample measurementis complete,press"motor"to stop disk 
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12) Press"head"to move X-ray detectors back in to allow forsampleremoval 

• Note- when running asecond mode(i.e.5 mm.first,then80min. 
I second),do NOTremove sample;Instead,press"clear"on the 

main software window and update the parameter settings such as 
; run time,RPM,I.D.#,etc. 

13) Open dooronXDCfrontpanel and remove disk plug;using pipette suck 
outsample(this"used"sample maybe retained forfuture analyses if 
desired) 

14) Flush outthe disk with a series ofdistilled water blanks and press"mix" 
on|panel;when disk is completely clean,use Kimwipes and(hy 
thoroughly 

15) Close dooron panel and turn key from"on"to"off position to power off 
x-fays 

16) Poweroffinstrument(switch in back)and software,and retum Geiger 
counter and dosimeter 

MERGINGDATAFROMTWORUNS: 

1) On main software window,click"merge"and selectthe desired files for 
merging(while holding down the"Ctrl"button,you mayselect up to two 
files to merge) 

2) A new window willopen asking for"auto-merge"or"manual-merge";1 
use the auto-merge to combine data from the two runs 

3) Oh main software window,click "file","database"to view the merged 
data 

EXPORTINGDATATOEXCEL: 

1) Clear any presentPSD data ifyou havejust finished running asample 
2) On main window,click"file"and then"database" 
3) Whennew window pops up,highlightsampleofinterest and click"export 

files"and save file to zip disk or hard drive 
4) Open MicrosoftExcel 
5) Click"open"and selectsample file(file saved as.dat) 
6) In TextImport Wizard window,select"delimited"and click next;use a 

comma as the delimiter and click"fimsh"(datais now delimited and in 
excel file format) 

7) Compare datain excel with data in Brookhaven software to identify any 
unknown numbers and ensure successful exportation ofdata 
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HELPFULHINTS: 

1) TheXDC provides a very accurate method for acquiring particle size data. 
By providing detailed results that include cumulative distribution graphs, 
one can determine the percentage ofclay in the suspension and then back-
calculate to attain the overall sand/silt/clay fractions. 

2) Although this method works well for mycarbonate derived clay-rich 
samples,there are other protocols to be explored that may be more 
effective for other soil types.For example,different modes(i.e. 
gravitational)and combinations ofparameters(i.e.RPMs,duration oftime 
interval,etc.)can allow for different ranges ofresults. You can play 
around with different parameters and use the"modeling utility" button on 
the main window to estimate the range ofparticles sizes to be measured. 

3) Do not discard your solutions!!! The solutions can be saved and re-used 
for later investigations ifdesired. 

4) Although this guide should help first time users,it should be used in 
conjunction with the owner's manual to ensure that no damage is done to 
the instrument. 

5) Ifyou have any questions feel free to contact author at: 
bschultz@utk.edu 
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Appendix E: BULKDENSITY(Pb),PARTICLEDENSITY(Ps)andBULK 
POROSITYDATA 

Bulk density calculated using the wax clod method. Particle density calculated using the 
pycnometer method. 

Equations(Blake and Hartge,1986): 

Bulk Density[Pb] = Ws/((Wsww -Wbw)-(Wsw-Ws)) 

Where: 

Ws=Weight(g)ofoven-dried clod in air 
Wsww=Weight(g)ofsample+paraffin in water 
Wbw=Weight(g)ofbeaker w/550mLwater 
Wsw=Weight(g)ofsample+paraffin 

Sample+String Sample+String+ Wt.(g)(In Beaker wt.(g)w/ 
Pb 

B1 Wt.(g) Wax Wt.(g) Water) 550inL 

Bl-4 1336 16.67 78456 773.7 1.77 

Bl-5 45.26 52.27 805.44 7737 1 83 

Bl-9 5982 7087 819 18 773.7 174 

Bl-17 37.73 47.55 807.69 773.7 1 56 

Bl-22 1965 24.37 790.22 7737 1 67 

Bl-28 2086 29.22 796.24 773.7 147 

Bl-31 2952 36 800.1 773.7 148 

Bl-34 1145 15.87 785.86 773.7 148 

Bl-41 2852 3455 799.33 773.7 146 

Bl-50 1665 21 93 78949 773.7 1.58 

B4 

B4-1 4847 53.57 80443 773.7 1.89 

B4-3 3055 3466 79246 773.7 2.09 

B4-5 1991 24.13 78864 773.7 1 86 

B4-11 24.87 31.6 794.84 773.7 1.73 

B4-23 3466 40 16 799.21 773.7 1.73 

B4-27 4564 5255 808.21 773.7 1.65 

B4-32 7.29 9.2 779.57 773.7 1 84 

B4-36 41 77 47.72 805.06 7737 1 64 

B4-42 1508 1787 784.41 773.7 1.90 

B4-44 1788 21.18 787.35 773.7 1.73 

B4-45 21.83 2996 794.33 773.7 175 

79474 773.7 1.70B4-46 26.02 31.71 

MD. 40.491 50311 79757| 773.7! 2.88 
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Bulk porosity calculated using bulk density(Pb)and particle density(Ps)data,whereby: 

100*(l-(Pb/Ps))=Bulk Porosity 

SampleLD. Depth(cm) Pb Ps %Clay Bulk Porosity(%) 

Bl-4 40 1 77 273 40 35 

Bl-5 58 1.83 2.63 52 30 

Bl-9 140 1.74 2.72 87 36 

Bl-17 305 1.56 2.78 92 44 

Bl-22 407 1.67 2.77 81 40 

Bl-28 527 1.47 274 72 46 

Bl-31 595 148 2.56 27 42 

Bl-34 655 1.48 2.71 80 45 

BI-41 815 146 2.90 77 50 

Bl-50 1050 1.58 2.69 64 41 

B4-1 10 1 89 264 34 28 

B4-3 30 2.09 291 37 28 

B4-5 60 1.86 2.65 68 30 

B4-11 180 1.73 2.72 70 36 

B4-23 425 1.73 3.09 70 44 

B4-27 510 1.65 2.67 68 38 

B4-32 610 1.84 2.94 58 37 

B4-36 690 1.64 2.75 85 40 

B4-42 810 1.9 3.12 53 39 

B4-44 850 1.73 281 74 38 

B4-45 870 1.75 2.74 40 36 

B4-46 880 1 70 266 31 36 
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Appendix F: Raw bulk geochemical data 
Geochemicaldata are expressedas weight%for major elements and oxidesandinppm 
for trace elementsand oxides 
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Appendix G: Raw clay mineralogical data 

University ofTennessee 

Terra Rosa Soil Samples 
Estimated mineralogical composition 

Sample Depth Size Hydroxy-Smectite Smectite imte Chlorite Kaolinite 

LD. (cm) (mm) % % % % % 

B4 30 2-0.5 12 0 20 10 15 

B4 30 0.5-0.1 9 0 20 12 35 

B4 30 <0.1 14 0 15 10 45 

B1 305 2-0.5 0 0 40 0 12 

B1 305 0.5-0.1 3 0 20 0 66 

B1 305 <0.1 4 0 20 0 50 

B4 610 2-0.5 3 0 35 1 12 

B4 610 0.5-0.1 3 0 45 3 25 

B4 610 <0.1 4 0 45 0 20 

B4 810 2-0.5 2 0 55 0 0 

B4 810 0.5-0.1 1 0 68 0 12 

B4 810 <0.1 1 0 78 0 10 

B1 1050 2-0.5 2 0 40 0 17 

B1 1050 0.5-0 1 5 0 30 2 47 

B1 1050 <0.1 2 0 25 2 55 

Halloysite K/S Quartz K-feldspar Anatase Goethite Total 

% % % % % % % 

0 0 35 2 3 3 100 

5 0 8 0 1 10 100 

5 0 1 0 0 10 100 

3.5 0 38 0.5 2 4 100 

3 0 1 0 0 7 100 

10 0 1 0 0 15 100 

?8 34.5 05 1 5 100 

?10 8 0 1 5 100 

15 5 1 0 0 10 100 

0 0 34 2 2 5 100 

3 0 10 0 1 5 100 

3 0 1 0 0 7 100 

5 0 25 3 1 7 100 

5 0 4 0 0 7 100 

5 0 1 0 0 10 100 
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AppendixH: Borehole Drilling Notes 

StrongFarm CoreLog 
Logged by:Bryan Schultz 
Date:7/18/03 

Drilling began at9:00am and finished at6:45pm 

Borehole# Denth fftl 

1 0-4' 

1 4-8' 

1 8-12' 

1 12-15' 

1 15-19' 

1 19-23' 

1 23-27' 

1 28-32' 

1 32-36' 

1 36-38.8' 

2 0-4' 

2 4-8' 

2 8-12' 

2 12-13.7' 

3 0-4' 

3 4-8' 

3 8-10.4' 

3 10.4-12.5' 

3 12.5'-14.5' 

3 14.5-18.5' 

3 18.5-18.7' 

4 0-4' 

4 4-7' 

4 7-10' 

4 10-13.4' 

4 13.4-16.6' 

4 16.6-20' 

4 20-24' 

4 24-25.4' 

Recovery fin /%) 

43"/90% 

45"/94% 

44"/100% 

48"/133% 

48"/100% 

45"/94% 

48"/100% 

31"/65% 

17"/35% 

15"/45% 

35"/73% 

48"/100% 

47"/98% 

47"/230% 

42.5"/89% 

48"/100% 

48"/163% 

48"/185% 

48"/200% 

48"/100% 

5"/208% 

37"/77% 

48"/133% 

48"/133% 

48"/118% 

48"/125% 

47"/118% 

48"/100% 

23"/136% 

Descrintion /Comments 

greater difficulty penetrating 
>100%recovery(clay swelling) 

<100%recovery(compaction) 
«100%recovery 
<100%recovery;refusal at 38.8' 

<100%recovery 

refusal at 13.7' 

»100%recovery(sig.swelling) 
drillers claim refusal@12.5' 
butIencouraged them to continue 
»100% 

drillers claim refusal at 18.7' 

<100%recovery(compaction) 
>100%recovery(swelling) 
>100%recovery 
>100%recovery 
>100%recovery 
mild swelling 

refusal at 25.4' 
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Borehole# Depth tft) Recovery fin) Description /Comments 

5 0-4' 35"/73% <100%recovery(compaction) 
5 4-8' 38"/79% <100%recovery 
5 8-12' 23"/48% «100%recovery 
5 12-16' 27"/56% «100%recovery 
5 16-19.5' 22"/52% «100%recovery;refusal@19.5' 

7 0-4' 23"/48% «100%recovery 
7 4-8' 47"/98% 

7 8-12' 48"/100% 

7 12-16' 48"/100% 

7 16-20' 48"/100% 

7 20-22' 48"/200% »100%recovery(sig.swelling) 

Summaryofcore samp esand their respective recoveries>100% 

Borehole #ofCore #>100% 

Samples Recovery 

1 10 1 

2 4 1 

3 7 4 

4 8 6 

5 5 0 

7 6 0 
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Appendix I: PedologicalTerminology 

Because this research overlaps both geology and soil science(each with different 
approaches concerning classification systems),this section isincluded to define!and 
clarifysomeofthe terminology used herein this thesis. Definitions ofterminology are 
supplemented from: 
Becker,1895 
Fanning and Fanning,1989 
Fitzpatrick,1993 
Soil Survey Staff,1994 
Buolet al., 1997 
Driese et al.,2001 

Saprolite=rotten,friable,isovolumetrically weathered bedrock,having characteristics of 
both soil and rock. Saprolite has beenfound to retain original structure and sedimentary 
layering,while also containing soil features such as high matrix porosity,translocation or 
illuviation ofclays,precipitation ofFe/Mn oxides,and bioturbation 

Residuum=unconsolidated and weathered mineral materials accumulated by 
disintegration ofconsolidated rock in place 

Regolith=the unconsolidated mantle ofweathered rock,soil and superficial deposits 
overlying solid rock 

Soil=1)the natural space-time continuum occurring atthe surface ofthe earth and 
supporting plant life;2)collection ofnatural bodies on the earth's surface containing 
living matter and supporting or capable ofsupporting plants out-of-doors.Its upper limit 
is air or shallow water.Its lower limit is usually hard rock or earthy materials deyoid of 
roots,animals,or marks ofbiologic activity. Horizonation in soils that differ from the 
underlying rock material,result from the interaction oftime,climate,biology,parent 
materials,and relief. | 

Colluvium=relocated soil materials with or withoutrock fragmentsthat accumulate at 
the base ofslopes by gravitational action 

Alluvium=sediment deposited bystreams and sometimes varying widelyin particle size 
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