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ABSTRACT 

Stable carbon and oxygen isotopic ratios were measured for soil carbonate and organic 

matter from three successive caliche horizons in the type section of the Blackwater Draw 

Formation in northern Lubbock County, Texas. These data allow for interpretation of the 

Pleistocene paleocUmatic history of the Southern High Plains. Carbon isotopes were 

measured to determine the fraction of C4 to C3 vegetation that grew on the soil surface 

during the time that the Blackwater Draw Formation caliches formed. The caliche horizons 

probably formed under low soil CO2 concentrations and high atmospheric CO2 input 

leading to a higher difference between carbonate and organic matter 6'^C values than is 

typical of modem soils. The fraction of C4 vegetation increased, and the climate became 

progressively warmer as the Blackwater Draw Formation profile aggraded over the past 2 

million years. Oxygen isotopes were analyzed in order to interpret the paleometeoric water 

compositions and possible temperatures under which the Blackwater Draw Formation 

accumulated. Oxygen isotopic values suggest that the 61^0 of meteoric waters from which 

the caliche precipitated has remained relatively constant for the past 2 million years, and that 

modem precipitation is more depleted in 6^^0 relative to the values calculated for the 

Blackwater Draw Formation at Lubbock. 
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CHAPTER I 

INTRODUCTION 

Cahche or soil-formed calcium carbonate is a pedogenic horizon of powdery, massive 

or indurated calcite composition (Reeves, 1976). Formation of caliche is the result of the 

precipitation of calcium carbonate in the lower horizons of soils in arid and semi-arid 

regions, which can ultimately result in highly cemented layers. Various theories have been 

proposed to explain the precipitation of caliche. Carbonate precipitation has occurred in 

soils of arid regions throughout geologic time, and may preserve a record of past chmate 

(Schlesinger, 1985). Highly indurated pedogenic carbonate layers have been termed 

"calcrete" by some workers. The term "calcrete" was first proposed by Lamplugh (1902) 

and since then, the use of the term caliche has been a subject of controversy. This 

controversy results from misuse of the term, regionalisms and its use for non-soil deposits. 

Nevertheless, caliche is a general term used in the southwestern United States to describe 

calcic and petrocalcic soil horizons or other near surface accumulation of carbonates 

(predominantly CaC03) with or without silica bodies, by the processes of dissolution and 

reprecipitation (McGrath, 1984). This broad definition of caliche is used herein. 

Classification of caliche horizons as "calcic" and "petrocalcic" rely on the degree of 

induration of the soil carbonate. Cahche horizons are found in soils all over the 

southwestern United States; however, those found in the Southem High Plains area of New 

Mexico and Texas (Llano Estacado) are among the thickest and most well developed caliche 

deposits found worldwide. 

Several theories have been proposed to explain the formation of caliche. Schlesinger 

(1985) observed that massive caliche layers are found in both calcareous and non-

calcareous parent materials. Non-calcareous parent materials such as siliceous sediments 

may be replaced by carbonate. Schlesinger proposed that in non-calcareous soils, caliche 
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forms by deposition of eolian dust enriched in calcium carbonate (CaC03) on the soil 

surface. Water percolating through the soil will carry a calcium-rich solution that 

precipitates CaC03 as the water is removed by evapotranspiration. Precipitation of soil 

carbonate occurs in the plant rooting zone, where calcite stabihty is controlled by the partial 

pressure of CO2 derived from plant root respiration and decomposition of organic matter 

(Schlesinger, 1985). The reaction by which soil carbonate is formed can be illustrated by 

the reversible equation: 

CaC03 + H2CO3 <=> Ca++ + 2HCO3-

(Reeves, 1976). Although, other theories have been proposed to explain the origin of 

caliche, this process is generally accepted today. 

Purpose 

Tertiary and Quaternary caliche deposits on the Southem High Plains of Texas and 

New Mexico have been of scientific interest for the past ninety years. A great deal of 

research has been done in this region, because of its extensive cahche profiles. As a result, 

numerous caliche horizons have been sampled, described, dated, and in the past ten years 

studied using stable isotopes. The stable isotopic ratios of oxygen and carbon in caliche are 

thought to be paleoclimatic and paleocological indicators. In this thesis, the type locality of 

the Quaternary Blackwater Draw Formation, north of Lubbock, Texas, was studied in some 

detail in order to determine the stable isotopic composition of the caliche horizons contained 

within it. Previous research on oxygen and carbon isotopes in soil carbonate indicates that 

the carbon isotopic composition is governed by the type of vegetation, following either a C3 

or C4 photosynthetic padiway, growing on the soil surface (Ceding, 1984). The oxygen 

isotopic composition also reflects the composition of meteoric water (rainfall) supplied to 

soils (Quade etal., 1989). Thus, it is the goal of this work to use stable isotope analysis to 



document the climatic variations in the High Plains region for approximately the past 2 

million years in better detail than done previously, and to determine the past namre of 

meteoric water in this region. This study compliments the work of Soliz (1996) and 

O'Reilly (1996) who studied oxygen and carbon isotope ratios of caliche in the Ogallala, 

Blanco and Blackwater Draw Formation in Blanco Canyon, Texas. 

Caliche- Forming Process 

Cahche horizons are found throughout the world. These caliche horizons occur both 

as massive, indurated carbonate zones and as powdery soil carbonate coatings on soil 

particles (Reeves, 1976). According to Shantz (1956), 43% of the world's land surface is 

covered by pedocal (carbonate-bearing) soils. For instance, Schlesinger (1985) studied soil 

profiles of Quaternary age in the eastem Mojave Desert in California. These caliche 

horizons are found in calciorthid soils on a non-calcareous parent material. The soils are 

developed on an alluvial parent material, which results from the weathering of rocks in the 

Eagle Mountains east of the Mojave Desert. These source areas lack calcareous material. 

The rate at which pedogenic carbonate forms in this area is controlled by the atmospheric 

input of Câ "*". Schlesinger (1985) proposed two mechanisms, one abiotic and the second 

biotic, which could generate the pedogenic carbonate in the lower horizons of the soils of 

the Mojave Desert. The abiotic mechanism involves the precipitation of CaC03 due to the 

evaporation of water from the soil profile when the ion activity product of Ca-+ and CO3-

reaches saturation by evaporation from water in the soil profile. The biotic mechanism links 

the formation of pedogenic carbonate to seasonal fluctuations of CO2 pressure that occur in 

the soil pore space because of plant activity. Biotic activities such as root respiration and 

transpiration are more likely to control the geochemical environment for pedogenic CaC03 

in the soil profile than the abiotic mechanisms because they are more consistent with 

observations of carbonate root casts in arid and semi-arid soils (Reeves, 1976; Schlesinger, 



1985). Similarly, Sancho et al. (1992) smdied paleosol caliche profiles developed on the 

top of lower Pleistocene alluvial deposits in the east-central part of the Ebro Basin in Spain. 

Mineralogical and geochemical data helped to characterize the genetic processes and paleo-

environmental significance of these caliche deposits (Sancho et al., 1992). 

Likewise, Warren (1983) smdied pedogenic calcrete profiles in the coastal areas of 

South Australia. These horizons also developed under semi-arid to arid conditions and are 

of Quatemary age. In this region, laminar and massive calcretes have formed in the vadose 

zone of the Quatemary calcarenite coastal dunes. A large reflux of soil water to the 

atmosphere is the major factor in the formation of these pedogenic calcretes. Warren 

proposed that the formation of calcrete horizons in this area is due to alternating stages of 

dune accretion-stability and subsidence. Dune accretion occurs as free sand is transported 

by wind, resulting in dune stability which is achieved as vegetation grows on top of dunes 

while water is ehminated from the system by evapotranspiration. As a result, an immature 

calcrete horizon is created, where calcrete intraclasts predominate. A period of subsidence 

follows, where an older dune is overiain by an uncemented breccia layer of calcrete 

intraclasts (deflation lag). Subsequently, an accreting process begins as a younger dune 

forms, thus, overlying the uncemented breccia layer while a younger intraclast layer begins 

forming on top of it. Finally, another subsiding stage occurs where the dune is eroded 

away, leading to the formation of a mature calcrete containing cemented intraclasts (Warren, 

1983). This process explains the formation of clast-within-clast fabrics that are commonly 

found in mature dune calcretes. Caliche horizons are found in humid to sub-humid areas. 

Pazos (1990) studied the udic MoUisols developed on loessic sediments southeast of 

Buenos Aires, Argentina. He found that almost all of these sediments cover a roughly 

continuous layer of caliche. Some of these caliches qualify as calcic and some as 

petrocalcic horizons depending on the degree of induration. According to Buschiazzo 

(1986) and Pazos (1990), the formation of caliche in the subhumid environment of the 
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Buenos Aires province is the result of downward percolation of water. In contrast to the 

vast research and information available for calcretes found in sub-tropical and tropical areas 

and under sub-arid and arid conditions, few studies have been made in sub-arctic regions. 

Dijkmans et al. (1986) studied the calcretes or carbonate-cemented crusts of the Great 

Kobuk Sand Dunes in northwestern Alaska. According to this research, these eolian sands 

were derived from deltaic sediments that were deposited in an ice-danmied lake during a 

middle Pleistocene glaciation. The calcretes occur in various flat or slightly undulating 

interdune areas and in the central part of the dunes. According to Dijkmans et al., the 

generation of calcretes in north Alaska occurs in three stages; starting with the provision of 

a carbonate-rich solution derived by the infiltration of sea waters, followed by the movement 

of that solution from one environment to another within the vadose zone, and finally by the 

precipitation of carbonate from that solution. Based on field observations by Dijkmans and 

his colleagues, it is believed that the processes that formed these calcretes are continuing and 

are responsible for the formation of calcretes in subarctic areas aU throughout the world. 

Although the exact distribution of caliche is difficult to determine and is best known in 

inhabited areas; it can be said that formation of soil carbonate horizons generally ranges 

from arid desert to sub-humid areas. According to James (1972), the ideal environment for 

calcrete formation is neither too arid nor too humid where the local relationships between 

precipitation, mnoff, temperature, and relief result in a saturated calcium-rich solution 

carried by water and precipitating carbonate, thereby forming extensive caliche profiles. 



CHAPTER II 

REGIONAL SETTING 

Environment 

The Southem High Plains of west Texas and eastem New Mexico comprise the 

southernmost portion of the High Plains physiographic province (Holliday, 1995). This 

vast area, covering approximately 130,000 km2,has also been called the "Staked Plains" or 

"Llano Estacado" (Holliday, 1995). This region forms a plateau bounded on three sides by 

escarpments 50 to 200 meters high (Holliday, 1995), on the north by the Canadian River 

valley and on the west by the Pecos River valley. To the east, the most prominent 

escarpment is formed by headward erosion of the tributaries of the Red, Brazos and 

Colorado Rivers which separates the Southem High Plains from the Rolling Plains 

(Holliday, 1995). However, to the south, the Southem High Plains gradually merge with the 

Edwards Plateau province of Central Texas. 

The climate of the Llano Estacado area is continental and semi-arid consisting of dry 

mild winters and dry hot summers. Wind is an important chmatic feature, blowing almost 

constantly across the open flat landscape throughout the year (Holliday, 1995). As pointed 

out by Reeves (1976) and in the NOAA (1982), the Southem High Plains is practically a 

featureless plain, with only small topographic amenities such as small basins, dunes and 

playa lakes. 

Geplogy 

The Southem High Plains are mainly formed of Tertiary alluvial and eolian sediment 

of the Ogallala Formation (Miocene-Pliocene) resting on either the Triassic or Cretaceous 

strata (Reeves, 1976). The Ogallala Formation is covered by several calcretes or caliche 

horizons. The "caprock caliche" is a soil carbonate horizon at the top of the Ogallala 



Formation; and is the thickest caliche profile bordering the Southem High Plains plateau 

(Holliday, 1995; O'Reilly, 1996). The Ogallala Formation is locally overiain by the 

lacustrine deposits such as those of the Blanco and Tule formations, which are late Pliocene 

and early to middle Pleistocene in age (Holliday, 1995). 

Blackwater Draw Formation 

The Blackwater Draw Formation comprises unconsolidated surficial "cover sands" of 

the Southern High Plains, lying disconformably on the top of the Ogallala Formation over 

an area of 120,000 km^ (Holliday, 1988, Figure 2.1). The Blackwater Draw Formation 

consists of extensive early to late Pleistocene reddish-brown eolian deposits (Holhday, 

1989). Lake deposits such as the Blanco and Tule formations are locally interbedded with 

the Blackwater Draw Formation. Reeves (1970) and Holliday (1989) suggested that the 

Pecos and Canadian River valleys, from the beginning of the Quatemary to approximately 

600,000 years ago, were the source areas for the eolian sediment of the central and southem 

part of the Southem High Plains, that formed the Blackwater Draw Formation. The texture 

of the surface sediments of the Blackwater Draw Formation grade progressively from sandy 

deposits near the Pecos River valley in the southwest into clayey silt; then, northwestward to 

silty clay near the Canadian River valley (Gustavson et al., 1991). 

The Blackwater Draw Formation had earlier been described informally as the Illinoisan 

"cover sands" because its extensive deposits rest above lacustrine sediments of Kansan age 

(middle Pleistocene) (Frye and Leonard, 1957). Reeves (1976) proposed the term 

Blackwater Draw Formation for these deposits noting their wide extent, lithologic 

homogeneity, and their easily recognizable lithologic features of these eolian deposits. 

The development of the Blackwater Draw Formation is thought to have resulted from 

depositional cychcity (refer to Gustavson et al., 1991; Soliz, 1996 for details on this model). 

7 



Llano Estacado 

cities 
• Soil Silos 

Figure 2.1 The Southem High Plains area (Llano Estacado) of northeastern New 
Mexico and northwest Texas, showing principal cities. The Blackwater 
Draw Formation covers most of the surface of the High Plains (modified 
from Holhday, 1983). Sample collection site for this report is just north of 
Lubbock. 
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The Blackwater Draw Formation is composed of several continuous eolian deposits lacking 

primary sedimentary stmctures, and strongly modified by pedogenesis, though the total 

number of these units is difficult to determine (Gustavson et al., 1991). However, locally, 

up to 6 or 7 buried soils have been identified. The deposits suggest that the regional 

environment did not change significantly during Quaternary time, with alternating periods of 

soil stabilization and caliche fomiation, and periods of eolian sedimentation or deflation. 

In this work, only the type locahty of the Blackwater Draw Formation north of 

Lubbock county, Texas, was studied by isotopic analysis. This locahty was chosen because 

it has been thoroughly described by numerous workers (Reeves, 1976; Holliday and 

Gustavson, 1989; Holliday, 1989, 1990; Gustavson et al., 1991). 

Blackwater Draw Formation. Lubbock County 

Unvegetated outcrops of the Blackwater Draw Formation are few; however, the type 

locahty found north of Lubbock provides a useful study site because it exhibits several 

buried soils, and it has been the location of various previous stratigraphic and 

sedimentological investigations. The study area is located north of Lubbock on Farm Road 

1264 (University Avenue), 2 miles north of the intersection with Farm Road 1729 on the 

west side of Blackwater Draw (Figures 2.2 through 2.6). This section is well exposed. 

Road constmction activities have cut off some parts of the previous exposure. There, the 

Blackwater Draw Formation is at an elevation of 2970 feet. At the type locality, the 

Blackwater Draw Formation is 9.5 meters thick, consisting of three prominent caliche 

horizons over the "caprock caliche" (Figure 2.2). All three caliche profiles are tmncated by 

erosion toward the east along the flank of Blackwater Draw. The caliche profiles in the 

section were sampled in increments of 10 cm from top downward. Samples are labeled 

"BWD" with one of three corresponding caliche horizons (A, B, C) and an increment (10, 

20,30, etc.) in the following manner BWD C-10, BWD C-20 and so forth. The uppermost 



A 
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Bl2 
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Btk3 

Bt4 

K.m 

Ii 

1\ 
1̂  

BWD-C 

BWD-B 

BWD-A 

Caprock Caliche 

Figure 2.2 Diagram showing the paleosol stratigraphy (left) of the Blackwater Draw 
Formation at its type section (taken from Holliday, 1989). On the right is 
shown a sketch of the same section, with sampled intervals BWD-A, 
BWD-B, and BWD-C described in this report. 
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Depth (cm) Sample I.D 
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No lamhiated horizon 

Nodular carbonate 

Figure 2.3 Sketch of the BWD-C caliche horizon in the type section of the 
Blackwater Draw Formation, and sample numbers and locations described 
in this report (refer to Figure 2.2 for location). 
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Bt2 

Figure 2.4 Sketch of the BWD-B caliche horizon in the type section of the 
Blackwater Draw Formation, and sample numbers and locations described 
in this report (refer to Figure 2.2 for location). 
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A-100 

A-110 

A-120 

A-130 

A-140 

A-150 
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Hard columnar 
caliche with "ladder' 
structure 

Bt2 

Bt4 

Figure 2.5 Sketch of the BWD-A caliche horizon in the type section of the 
Blackwater Draw Formation, and sample numbers and locations described 
in this report (refer to Figure 2.2 for location). 
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BWD-C 

BWD-B 

Figure 2.6 Photograph of type section of Blackwater Draw Formation, 
north of Lubbock, Texas, showing upper part of BWD-B and 
lower part of BWD-C sample intervals described in this report. 
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horizon is labeled BWD-C, followed by the middle horizon labeled BWD-B and the 

lowermost horizon is labeled BWD-A (Figure 2.2). Note that Soliz (1996) used the reverse 

order (A top, etc.). The uppermost soil profile, BWD-C, is 2.3 meters thick. This profile is 

composed of three soil horizons: a surface molhc brown silty clay (A horizon in Holliday, 

1989), a reddish-brown silty sand (Bt horizon in Holliday, 1989) and a soft pink-to-whitish 

nodular calcareous silty clay (Bk horizon in Holliday, 1989, Figure 2.3). The surficial A 

horizon is 0.2 meters thick and overlies a Bt horizon which is 0.6 meters thick with 

prismatic stmcture, tmncated to the east in the roadcut The Bk horizon is 1.3 meters thick. 

This horizon has carbonate disseminated throughout the section and is gradational 

downward (Figure 2.3). There is a sharp contact between the Bt horizon and the Bk 

horizon in the BWD-C profile. 

Underlying the BWD-C caliche is an older cahche, here labeled BWD-B. It is overlain 

by a reddish-brown silt 0.2 meters thick (Bt̂  horizon in Holliday, 1989). In this horizon, 

prismatic structure is found and the horizon is truncated by erosion to the east. Beneath, 

there is a nodular and columnar caliche (Bkj horizon in Holliday, 1989) with horizontal 

filled fractures extending into the massive areas (Figure 2.4). This carbonate horizon is 1.0 

meter thick and it has also a sharp upper contact. In addition, the Bk^ horizon is harder than 

the Bk horizon of the overlying profile. It grades downward into the Bto horizon of the 

lowermost profile, BWD-A. 

The lowermost caliche profile, BWD-A, is the thickest of the three at 2 meters thick. It 

is a reddish-to-pink argillic to calcic profile (Figure 2.5). In this horizon, "ladder 

structures" (relict bedding) and hard columnar or "drapery" structures are well developed 

in the caliche. This horizon merges into a fourth soil carbonate profile that is not well 

exposed; although it may be the top of the "caprock cahche" (Btb4 Holliday, 1989). 
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Previous Research 

Few studies using stable isotope geochemistry have been conducted in order to study 

the dissolution and reprecipitation of soil carbonate. Salomons et al. (1976) first studied 

dissolution and reprecipitation processes in soils developed on carbonate rocks, loess 

derived soils and in marine clays from Europe, Africa and India. Similariy, Margaritz et al. 

(1980) smdied the calcareous soils of the Jordan Valley, Israel. However, Ceriing (1984) 

was the first to carry out systematic research attempting to relate the stable isotopic 

composition of soil carbonates and climate. Cerling's (1984) research was based on the 

theory that the isotopic composition of soil COo is controlled by the proportion of surface 

plant biomass using the C3 or C4 photosynthetic pathway. Carbon isotopic composition of 

soil carbonate is related to the proportion of C3 or C4 biomass present on the soil, but soils 

that freeze to the depth of carbonate formation often have a significant atmospheric 

component. The ratio of C3 to C4 vegetation is governed by temperature, as the proportion 

of C4 vegetation increases with increasing temperature. C3 and C4 vegetation have distinct 

carbon isotopic signatures. As a result, the stable isotopic composition of soil carbonate 

may be used as a paleoclimatic and paleoecological indicator in cases where diagenetic 

alteration has not occurred. Oxygen isotopes in meteoric waters are related to climate 

(temperature). This in turn is related to the carbon isotopic composition of the plant 

biomass (Ceriing, 1984). There is also a relationship between the b^^C and the b^^O values 

for most soil carbonates because both vary regularly with temperature. The proportion of 

C4 plants is well correlated with the night time temperamre (Ode et al., 1980; Teery et al., 

1976); however, the b^^C value for soil COo is expected to be higher in regions with high 

night temperatures. In addition, oxygen isotopic composition of meteoric waters from 

continental stations recovering less than 1000 mm annual precipitation is well correlated 

with mean annual temperature (Ceriing, 1984). The proportion oi' plants using the C4 

photosynthetic pathway will thus be recorded in the carbon isotopic composition of caliche 
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(Ceriing, 1984). The flux of CO2 in soils receiving 50 cm of rain per year (semi-arid and 

arid regions) is 2.8 moles cm"- y-l; and, typical fluxes of biogenic CO2 from grasslands 

soils are on the order of 5*10-3 moles cm-2 y-l (Singh et al., 1977; Schlesinger, 1977). 

Consequently, soil carbonate, which forms at much lower rates than the ones mentioned 

above, is likely to be controlled by the oxygen and carbon isotopic composition of the 

meteoric waters and by the carbon isotopic composition of soil COo, respectively (Ceriing, 

1984). 

Ceriing (1984) tested his theory by establishing a relationship between vegetation and 

soil carbonate b^^C and climate by sampling areas where it was possible to estimate the 

proportion of C4 biomass present when soil carbonate formation occurred. Modem soil 

carbonates from Africa and North America were sampled. Ceriing showed that there is 

good correlation between the oxygen isotopic composition of meteoric waters and soil 

carbonates. In order to assess the isotopic composition of soil carbon dioxide, Ceriing 

formulated a mathematical equation that relates soil respiration rates to atmospheric COo; 

therefore, the isotopic composition of soil carbonate carbon was calculated for the three 

major groups of plants: C4 grasses, C3 grasses and CAM plants. C4 grasses have an 

average organic carbon b^^C value of -13%o, C3 grasses have an average of organic carbon 

value of -27%o and CAM grasses have organic carbon values that lie between those for C3 

and C4 grasses. He showed that carbonate b^^C values should be 13.5 and 16.5%o higher 

than those for the coexisting organic matter. Further work proved that oxygen and carbon 

isotopic composition of soil carbonate can be related to the isotopic composition of meteoric 

waters and to the proportion of C4 biomass present. 

Ceriing and Hay (1986) smdied the paleosol carbonates of the Olduvai Gorge, in East 

Africa. The isotopic composition of the paleosols in that area were smdied because they 

provided estimates of the paleoclimatic history of East Africa during Plio-Pleistocene time. 
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Cerlimg's and Quade's research demonstrated that paleosol carbonates from fluvial-

lacustrine, lake margin, amd eolian deposits give an ambigous paleochmatic signal. 

Amundson and Lund (1987) examined the stable isotope chemistry of native and 

irrigated modem soil carbonates in California, to determine the relationship between climate 

and vegetation. They compared the isotopic composition for both native and irrigated 

pedogenic carbonates in a virgin and in a cultivated area, respectively. Carbon isotopes 

revealed that there was no significant isotopic difference between the soils because there was 

a small isotopic difference between the newly formed soil carbonate in the irrigated area to 

that of the native soil carbonate. Amundson et al. (1988) examined the isotopic 

relationships between vegetation, soil COo and pedogenic carbonates in the eastem Mojave 

Desert, Nevada, finding that soils formed in the Mojave Desert were primarily populated by 

C3 grasses while carbon isotopic compositions of soil CO2 and pedogenic carbonates 

become more negative with increasing elevation. 

Quade et al. (1989) conducted research on systematic variation in stable carbon and 

oxygen isotopes in the Holocene soil carbonates of the southem Great Basin, United States. 

They provided a detailed study of the isotopic variations of modem soils, which showed that 

the isotopic composition of pedogenic carbonates of the southem Great Basin have a strong 

dependence on elevation; comparison of the carbon isotopic composition of pedogenic 

carbonate and non-carbonates parent material in the Great Basin area suggested that 

virtually no isotopic inheritance took place. 

Pendall and Amundson (1990) measured the isotopic composition of pedogenic calcite 

at Harappa, Pakistan. They were especially interested in smdying the inner portions of the 

calcite nodules of that area. This is because the inner part of nodules are considered to 

represent pure pedogenic carbonate based on morphological evidence. This information 

indicates that the nodules were formed by a process of accretion after the elevation of the 

water table decreased. 
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Kelly etal. (1991) studied the stable carbon isotopic composition of soil carbonate in 

the Holocene grassland soils of the northem Great Plains, United States. Carbon isotopic 

compositions revealed that carbonate in all the Holocene soils in the northern Great Plains 

appear to be entirely pedogenic and in isotopic equilibrium with the COo derived from the 

decomposed organic matter. 

Humprey and Ferring (1994) established a paleoclimatic record for north central 

Texas, by use of the stable isotopes of carbon and oxygen in lacustrine carbonates. They 

demonstrated that the late Pleistocene to early Holocene oxygen isotopic compositions of 

lacustrine carbonates at Aubrey, Texas, are mdicative of isotopic variabihty tied to the 

changing isotopic composition of the Gulf of Mexico waters. 

Amundson et al. (1994) analyzed the stable isotope relationships between precipitation, 

flora and soil carbonate in the Vizcaino desert, Baja California, Mexico. Their study 

showed that the flora is adapted to specific precipitation patterns and that the stable isotopes 

are sensitive to differences in flora and rainfall distribution. Quade et al. (1995) investigated 

paleosols in Nepal and in the northern Indian subcontinent to reconstmct changes in 

vegetation and climate in the region for Miocene-Pliocene tune. The carbon and oxygen 

isotopic results demonstrated that C4 grasses expanded rapidly onto the floodplain of 

southem Nepal starting at about 7.0 Ma. Quade and Ceriing (1995) smdied the expansion 

of C4 grasses in the late Miocene paleosols of northern Pakistan to reconstruct the 

floodplain environments for the past 17 Ma. Stable carbon isotopic composition of soil 

carbonate revealed that from 17—7.3 Ma. floodplain vegetation was dominated by C3 

plants. However, at -7.3 Ma. a shift toward more positive carbon isotopic values began, 

signaling the gradual expansion of C4 grasses onto the floodplain 
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CHAPTER III 

METHODS 

Soil carbonate samples were broken into small pieces and ground into powder with the 

use of a manual drill, a mortar and pestle. Samples were placed into vials and stored in 

dessicators unless they were to be analyzed immediately. The dessicators contained dryerite 

and sodalime to minimize isotopic exchange with atmospheric CO2 and moisture. 

Powdered samples were separated into two groups for two different analyses; organic 

carbon and carbonate carbon and oxygen. Organic carbon analysis involved placing of 150 

to 250 grams of powder into beakers of about 150 millimeters, where they were treated with 

12.5% hydrochloric acid to remove carbonate. The reaction was carried out for 24 to 48 

hours with the covered beakers placed in a fume hood. Once the reaction was complete, 

samples were transferred into ceramic cmcibles and aspirated using a water pump through a 

glass microfiber filter to separate the acid from the organic residue. Next, sample cmcibles 

were placed in an oven at 40°C and dried for 24 hours. Dried samples were weighed and 

placed into labeled quartz tubes closed at one end along with 1.20 grams of cuprite oxide 

(CuO) and a small piece of silver. The quartz tubes were then attached to a vacuum line and 

evacuated for up to two hours to remove air and moisture from the tube and sample. Once 

evacuated, the tubes were torched shut and combusted. Combustion took place at 800°C for 

five hours in a muffle fumace to generate COo gas from the sample. Cuprite oxide provides 

the oxygen so the reaction can go to completion, whereas silver acts as a catalyst. 

Carbonate samples, on the other hand, were treated in a different manner. First, the 

powders were roasted in a fumace at 460° to 470°C for 30 minutes in a stream of high-

purity helium gas to remove organic matter. Details of the setup are given in Soliz (1996). 

Up to five samples can be roasted simultaneously using this setup. Subsequently, samples 

were weighed and placed into reaction vessels and reacted with 100% phosphoric acid at 
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25.2 °C for one to two days to liberate CO2 gas following tiie method of McCrea (1950). 

The CO2 gas generated from organic carbon combustion and carbonate reaction was 

cryogenically purified using Uquid nitrogen (~-200°C) and a dry ice-M17 solvent slush (-80 

"C). The CO2 amount was determined using a capacitance manometer and yields were 

calculated. Next, the CO2 was transferred into a sample mbe that was attached to the mass 

spectrometer. 

Mass Spectrometry and Isotope Analysis 

Isotopic analysis was performed on a VG SIRA-12 isotope ratio mass spectrometer 

equipped with a microinlet for small CO2 samples. Isotopic values are reported using the 

delta (6) notation. 6 is defined as: 

6=1000 * UR sample-R standardU 
R standard 

where R is the isotopic ratio of the heavy to the light isotope, being ^^C/^-C for 6 -̂̂ C and 

1 8 Q / 1 6 Q ^QJ. 5I00. Carbon and oxygen isotopes are reported relative to the international 

standard V-PDB (Vienna Pee Dee Belenmite). Oxygen isotopes are also reported relative 

to the Vienna Standard Mean Ocean Water (V-SMOW). Both oxygen and carbon are in 

per mil units (%o). An in-house laboratory standard was processed and calibrated relative to 

NBS-19 and named TTU-2. This was the standard used for all samples reported in this 

thesis. A phosphoric acid fractionation factor (a) of 1.01025 was use to calculate the 

oxygen isotopic values of calcite. The overall precision of the method is better than ±0. \%o 

and ±0.2%o for carbon and oxygen, respectively. 

Quality checks were performed both during CO2 extraction and isotopic analysis. 

Samples with poor vacuum readings during extraction were rejected and new batches 

prepared. During mass spectrometric mns mass 40 (argon) was monitored and samples 

with high readings were rejected (signal exceeding 1*10*̂ ^ amps on collector 2). 
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Isotopic Homogeneitv of Blackwater Draw Samples 

O'Reilly (1996) tested the isotopic homogeneity of caliche samples from the "caprock 

cahche" in Crosby County, Texas. Five separate samples were checked to determine the 

variation in isotope data at different distances from the land surface into tiie outcrop. 

O'Reilly found that samples taken beyond 12 cm depth into the outcrop showed httie 

variation in isotopic composition. In this work, the intemal isotopic homogeneit\ of a 

caliche nodule was checked by samphng the nodule from the outside-in. The nodule 

corresponds to the BWD A-120 deptii increment. The nodule sampled was labeled in the 

following manner from the innermost to the outermost: BWD A-120a, BWD A-120b and 

BWD A-120c. Samples were taken at the surface, 1, and 3 cm (center) of the nodule (Table 

3.1). As shown in Table 3.1, all samples have similar values varymg between 0.05-0.27%c 

from each other for the carbonate carbon isotopic composition, and the values are within 2 

standard deviations of each other; therefore, the difference in their isotopic values may not 

be significant. These data suggest that the A-120b sample represents the original unaltered 

caliche. However, A-120a (from the outer part of the nodule) could represent alteration or 

precipitation of younger carbonate on the original material. A-120c (from the inner part of 

nodule) could reflect desiccation of the original nodule and later filling of cracks. However, 

this is not critical when testing isotopic homogeneity samples from the outcrop because all 

isotopic values differ only by about 0.2%o. In addition. Figure 3.1 and Figure 3.2 show that 

within two standard deviations the nodule has the same isotopic composition. b^^C values 

for the organic carbon vary between 0.08-0.6%o. 

The isotopic homogeneity results of the samples presented in this study are similar to 

those smdied by O'Reilly (1996). The Blackwater Draw samples have more negative 

isotopic compositions than those from the "caprock cahche" (CBC samples). Samples 

CBC C-120 a through e, taken at varied depth from the outcrop surface, have a range of 

values of -5.3%o to -4.6%o for b^^C PDB, whereas 6 ^ ^ values range from -6. \%c to -4.8%o 
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PDB. This compares to BWD A-120 a, b, and c which have values of -5.80%o to -53%c 

and -5.63%o to -5.39%o for b^^C and 6 ^ ^ , respectively. Thus, a possible interpretation is 

that the BWD samples have more negative isotopic values because this formation locally 

overlies the "caprock cahche", and therefore, it may have been more exposed to interaction 

with atmospheric CO2. Closer to the land surface, the Blackwater Draw Formation may 

interact more readily with atmospheric CO2 which has a heavier isotopic composition 

(around 6-7%o). Modem loess, such as that of the Blackwater Draw Formation may 

therefore have a less negative isotopic signamre. 

23 



Table 3.1. Isotopic homogeneity of the Blackwater Draw Formation. 
Isotopic values (6) are expressed in per mil (%o) and mean values are 
shown as indicated (± standard deviation). 

Sample ID Depth in nodule 6i3Cpdb (>^^o^b 6'^Smow SiSCppg 

(cm) carbonate carbonate carbonate organic 

BWDA-120a 0 -5.53±0.01 -5.54±0.02 +25.51±0.02 -23.99 

BWDA-120b 1 -5.80±0.1 -5.63±0.0.1 +25.42*0.1 -24.07 

BWDA-120C 3 -5.75±0.14 -5.39±0.10 +25.67±0.10 -23.47 
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Figure 3.1 Diagram illustrating the isotopic variation within a single caliche nodule 
from its surface to interior (BWD A-120 a, b, and c). 
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-23.25 
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Figure 3.2 Diagram illustrating the isotopic variation in organic matter from within a 
single caliche nodule from its surface to interior (BWD A-120 a, b, and c). 

26 



CHAPTER IV 

RESULTS AND DISCUSSION 

The results of the analyses for the stable isotopes of oxygen and carbon in carbonate 

and organic matter from the soil profiles of the Blackwater Draw Formation provide a tool 

for the interpretation of climate on soil forming processes. In addition, isotopic data from 

the "caprock cahche" (O'Reilly, 1996) and for die Blackwater Draw and Blanco formations 

at Blanco Canyon (Soliz, 1996) will be compared below in order to establish a possible 

paleoclimatic history for the Southem High Plains. 

6^^C Results and Discussion 

Soil carbonate from the Blackwater Draw Formation has carbon isotopic compositions 

ranging from -0.83%o, at the top of the section (top of BWD C), to -6.69%o at the bottom of 

the section (base of BWD A horizon). The organic carbon values for b^^C range from 

-14.9%o, at the top of the section (BWD C), to -31.4%o in BWD A (lowest caliche horizon) 

(Figure 4.1). Values for 56 b^^C analyses for pedogenic carbonate and for the organic 

matter are reported in Table 4.1 and plotted in Figure 4.1. Carbon isotopic values show an 

increase toward more positive values up through the section for both carbonate and the 

organic matter, suggesting that the proportion of C4 over C3 flora increased progressively 

over the last approximately 2 million years (Figure 4.2). 

Cerling's (1984) method, which allows for an estimation of the fraction of C4 flora over 

time, can also be used to estimate the proportion of C4 flora on the Southem High Plains at 

various times. Mean values from horizons BWD C, BWD B and BWD A were calculated 

for carbonate b^^C and plotted against atmospheric components of 0, 10 and 30% (Figure 

43). The estimated fractions are recorded in Table 4.2. Although the exact atmospheric 

component at the time the soil carbonate formed is unknown, calculated values can giv e an 
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Figure 4.1 
Carbonate (squares) and organic matter (triangles) 6^0 compositions 
relative to PDB for the Blackwater Draw Formation caliche honzons 
plotted against depth (cm). 
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Table 4.1. Carbon and oxygen isotopic data for the Blackwater Draw Formation 
cahche in Lubbock County. 

Sample 

I.D. 

BWD C-10 

BWD C-20 

BWD C-30 

BWDC-40 

BWDC-50 

BWDC-60 

BWD C-70 

BWDC-80 

BWDC-90 

BWDC-100 

BWDC-110 

BWD C-120 

BWDC-130 

BWDC-140 

BWDC-150 

BWDC-160 

BWDC-170 

BWDC-180 

BWDC-190 

BWD C-200 

BWD C-210 

BWD C-220 

BWD C-230 

BWDB-10 

BWD B-20 

BWD B-30 

BWDB-40 

BWD B-50 

6l3CpDB 

Carbonate 

-4.44 

-6.44 

-4.36 

-6.84 

-2.96 

-

-5.21 

-0.987 

-0.831 

-0.921 

-1.05 

-1.34 

-1.21 

-1.25 

-1.23 

-1.13 

-1.21 

-1.58 

-1.23 

-1.29 

-1.62 

-1.41 

-1.40 

-1.74 

-2.13 

-1.94 

-2.07 

-1.79 

6l3CpDB 

T.O.C. 

-18.10 

-14.89 

-15.01 

-15.08 

-16.03 

-15.44 

-15.59 

-17.61 

-16.45 

-16.12 

-17.35 

-18.12 

-18.93 

-18.11 

-

-20.38 

-19.29 

-23.11 

-22.24 

-18.88 

-21.91 

-22.16 

-22.76 

-21.56 

-22.68 

-21.07 

-21.86 

-21.70 

6l80pDB 

Carbonate 

-8.59 

-12.3 

-2.94 

-14.4 

-3.80 

-

-7.04 

-5.28 

-4.77 

-5.27 

-5.06 

-5.37 

-4.99 

-5.06 

-5.11 

-4.99 

-4.95 

-5.08 

-4.60 

-4.26 

-4.77 

-4.65 

-4.51 

-4.75 

-4.70 

-4.97 

-4.70 

-4.93 

Ŝ ^OsMOW 

Carbonate 

22.34 

18.41 

28.21 

16.30 

27.32 

-

23.95 

25.78 

26.31 

25.79 

26.01 

25.68 

26.08 

26.01 

25.95 

26.08 

26.13 

25.99 

26.48 

26.84 

26.31 

26.44 

26.59 

26.33 

26.39 

26.11 

26.38 

26.10 
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Table 4.1. continued. 

Sample 

I.D. 

BWDB-60 

BWD B-70 

BWD B-80 

BWDB-90 

BWDB-100 

BWD A-10 

BWD A-20 

BWD A-30 

BWDA-40 

BWD A-50 

BWD A-60 

BWD A-70 

BWD A-80 

BWD A-90 

BWDA-100 

BWD A-110 

BWD A-120a 

BWD A-120b 

BWD A-120c 

BWDA-130 

BWD A-140 

BWDA-150 

BWDA-160 

BWDA-170 

BWD A-180 

BWDA-190 

BWD A-200 

6l3CpDB 

Carbonate 

-1.95 

-4.30 

-2.95 

-2.65 

-2.71 

-4.18 

-6.34 

-4.44 

-3.91 

-5.85 

-5.716 

-4.19 

-5.83 

-5.06 

-5.40 

-6.10 

-5.30 

-5.80 

-5.75 

-6.42 

-6.39 

-6.33 

-6.11 

-6.13 

-6.09 

-5.81 

-6.20 

6l3CpDB 

T.O.C. 

-

-21.71 

-20.18 

-21.64 

-21.41 

-22.84 

-23.60 

-21.94 

-

-

-22.53 

-21.51 

-22.41 

-22.54 

-21.91 

-

-31.44 

-

-

-

-18.70 

-22.10 

-26.82 

-25.60 

-30.73 

-27.07 

-23.99 

6i80pDB 

Carbonate 

-4.71 

-5.10 

-4.83 

-4.90 

-4.82 

-4.74 

-5.01 

-5.00 

-4.47 

-5.05 

-4.95 

-4.91 

-6.53 

-5.04 

-5.09 

-5.25 

-5.54 

-5.63 

-5.39 

-4.97 

-5.21 

-5.35 

-5.37 

-5.39 

-541 

-5.12 

-5.46 

Ŝ ÔsMOW 

Carbonate 

26.37 

25.97 

26.25 

26.17 

26.26 

26.34 

26.06 

25.67 

26.62 

26.02 

26.13 

26.17 

24.48 

26.03 

25.99 

25.81 

25.51 

25.42 

25.67 

26.10 

25.86 

25.71 

25.69 

25.67 

25.64 

25.95 

25.59 
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Figure 4.2 Expanded view of carbonate 6'̂ C compositions relative to PDB for the 
Blackwater Draw Formation caliche horizons plotted against depth (cm). 
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Figure 4.3 Estimation of the fraction of C4 flora for the three caliche horizons 
sampled in the Blackwater Draw Formation type section. Estimates are 
based on 6*̂ C compositions for soil carbonate and assumed percentage of 
atmospheric component (as given by Ceriing, 1984). 
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Table 4.2 Estimations of C4 vegetation for the soil carbonate at the Blackwater 
Draw Formation. 

Cahche Horizon 
I.D. 

BWDC 
BWDB 
BWDA 

% atmospheric component 
0 

72 
70 
48 

10 
Fraction of C4 

66 
67 
39 

30 
vegetation (%) 

50 
49 
18 
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idea of the probable range of conditions under which soil carbonate formed. Ceriing and 

other workers explained that better developed soil carbonate profiles are found deeper than 

30-50 cm in caliche profiles. Assuming tiiat the buried caliche profiles represent soils 

similar to the modem soil at the site (where significant carbonate accumulation begins 80 

cm from the surface), it is likely that the atmospheric component mvolved in cahche 

precipitation was mmimal as suggested by Sohz (1996). Therefore, depending on die 

atmospheric component an estimation of C4 flora can vary as much as by -22% for BWD 

C to -30% for BWD A. BWD C b^^C values suggest a C4-rich (or dominated) preference 

in the vegetation. 

Ceriing (1984) suggested that soil carbonate forming in isotopic equilibrium with soil 

CO2 should have b^^C values that are 13.5 to 16.5%o, higher than coexisting organic matter. 

Deviations from this range indicate either lack of equilibrium or resetting (Ceriing et al., 

1989). 6l3c values for the carbonate and coexisting organic matter in the Blackwater Draw 

Formation differ by 8.2 to 25.7%o, with an average of 17.7%o. The average value of 17.7%o 

roughly exceeds Cerling's (1984) calculated average value of 15%o as well as those values of 

15.5%o of Ceriing et al. (1989). However, Ceriing et al. (1989) explained that an increase in 

the atmospheric component due to low soil respiration rates may increase the upper limit of 

this range by 2%o. 

Soliz (1996) smdied the soil carbonate of the Blackwater Draw Formation for Blanco 

Canyon. The b^^C difference between soil carbonate and organic matter calculated at that 

locality is 17.8 to 19.8%o. These values also exceed those suggested by Ceriing et al. 

(1989). Soliz (1996) offered two explanations for the anomalous higher values using a 

modified plot from Ceriing and Quade (1993). In Figure 4.4, carbonate b^^C values are 

plotted against organic matter b^^C values, for a 0° to 25 °C temperamre range. Temperature 

lines bound the range of carbonate and organic matter b^^C values that will occur in a soil 

which would form under given temperamre conditions (Figure 4.4). Most of the 
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6"C„B Carbonate 

Figure 4.4 Pedogenic carbonate 6"C plotted against organic matter 6 C 
compositions for samples from the Blackwater Draw Formation m Blanco 
Canyon (from Soliz. 1996) with predicted relationships for 0 to . 3 C 
temperature range (method given by Quade et al.. 1989). 
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Blackwater Draw Formation plotted points which have b^^C values for carbonate and the 

organic matter differ by 13.5 to 16.5%o. However, from all the plotted points in the graph, 

only three caliche samples fall within the 0° to 25 °C temperature range, while all otiiers fall 

at temperamres below 0° C. One possible explanation given by Soliz (1996) is tiiat perhaps 

the carbonates have been diagenitically reset to more positive b^^C values, or that the 

organic matter has been shifted to more negative values, or that both events occurred. 

However, experiments by Ladymend and Harkness (1980) and by Becker-Heidmannn et al. 

(1986) proved that oxidation of organic matter will result in an increase (positive shift) in 

the organic b^^C values and would make the majority of the values plot above the 25 °C 

boundary on a graph such as Figure 4.4. As a result, it seems unlikely than an alteration by 

oxidation of the organic matter has occurred. On the other hand, the carbonates may have 

undergone diagenesis. It is possible that the 6^^C carbonate values have been shifted to 

more positive values. Carbonate isotopic values for every individual horizon in Figure 4.4 

form linear vertical trends. If the caliche zones in the Blackwater Draw Formation at Blanco 

Canyon were all reset isotopically, it would seem more likely that every single horizon 

would be reset to similar carbonate isotopes values, thus, falhng along a single trend (Soliz, 

1996). 

A second explanation offered by Soliz (1996) is that perhaps each of the caliche 

horizons was formed under soil conditions when there was a higher atmospheric 

component, thus, producing differences greater than the 13.5 to 16.5%o between b^^C 

carbonate and the organic matter calculated by Ceriing (1984). A plot similar to Soliz's 

(1996) was constmcted for the Blackwater Draw Formation at the type locahty (Figure 4.5). 

The values are very similar to those calculated by Soliz (1996). Most of the plotted points 

have b^^C compositions tiiat differ slightiy more than 13.5 to 16.5%o for the carbonate and 

the organic matter. Only nine of the samples fall within the 0° and the 25°C temperature 
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Figure 4.5 Pedogenic carbonate 6'̂ C plotted against organic matter b^^C 
compositions for the BWD-A, -B, and - C samples from the Blackwater 
Draw Formation type section, as described in this report, with predicted 
relationships for 0 to 25°C temperature range (method given by Quade et 
al., 1989). 
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range, while the others faU below OT. As mentioned by Soliz, tiie fact tiiat most of the 

values fall below 0°C Une could be due to a higher atmospheric COo component at the time 

of the formation of the predicted caliche horizons. Because diagenesis would hkely alter the 

composition of cahche, making all three horizons form a single trend instead of tiiree 

different ones, diagenesis is not likely accountable for the more positive values. Supporting 

evidence for Soliz's (1996) second explanation is provided by the calculation of the carbon 

isotopic fractionation factor between calcite and CO2, assuming tiiat there has been no 

diagenesis, and that there has been equilibrium between soil CO2 and soil carbonate, and 

between soil respired CO2 and residual organic matter. The 6^3 difference between soil 

carbonate and organic matter at a given temperamre can be calculated by adding together the 

isotopic fractionations for calcite-soil COo and soil C02-soil respired CO2. The calcite-soil 

COo fractionation factor is calculated from: 

1000 In a= 1.19 (lO^/T^) -3.63 

which shows that fractionation is temperature dependent. The soil C02-soil respired COo 

(A5) fractionation is diffusion-controlled and hence independent of temperamre. Davidson 

(1995) has given an equation that allows calculation of A5. 

Soliz (1996) used these equations to calculate 6^^C differences for calcite-organic 

matter at 5, 10, 12, 14, 16, and 18°C. He assumed that the 6^^C of soil respired CO2 was 

that of the organic matter. Soliz (1996) modeled the mean 6^^C difference between the 

organic matter and carbonate for each caliche zone for a thirteen degree temperature range, 

and he found that there was a small change in the soil COo concentration for every caliche 

zone. Based on this observation, and the fact that the calculated t^ values are greater than 

that predicted by Ceriing, Soliz concluded that soil carbonate in tiie Blackwater Draw 

Formation formed under low soil CO2 concentrations and low soil respiration rates which 

aUowed a higher input of atmospheric COo into the soil. 

Although supporting evidence has been presented by Soliz (1996) indicating that plants 
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growing on top of the soil surface during formation of the Blackwater Draw Formation 

cahche favors a C4 photosynthetic pathway, other interpretations are possible. The average 

b^^C values for carbonate and organic matter in the Blackwater Draw Formation type 

section profiles show an enrichment in b^^C up through the section in somewhat abmpt 

shifts. Abmpt shifts are found from more negative values in the lower horizon (BWD A) to 

less negative values in the upper horizon (BWD C). 

b^^C Results for individual profiles for the Blackwater Draw Formation 

In the following sections, b^^C and b^^O isotopic values will be examined more closely 

for all three caliche horizons: BWD A, BWD B, and BWD C. 

BWD A Horizon 

Closer inspection of the b^^C trend for carbonate in the BWD A horizon reveals that 

there is a significant change within the carbonate isotopic composition. Carbon isotope 

analyses yield values ranging from -4.19 at the top to -6.42%o at the bottom for carbonate 

and -21.5 to -31.4%o for the coexisting organic matter (Figure 4.2). According to Ceriing 

(1991), the isotopic composition of soil carbonate produced under uniform conditions is 

essentially constant below ~20 cm in a caliche profile. The b^^C values for the organic 

matter indicate that the soil vegetation favored C3 plants at the time of caliche formation. 

The 6l^C values for tiie carbon and organic matter differ by 17.3 to 25.8%o, with an average 

of 19.0%o. The average value of 19.0%o slightiy exceeds the range of values of 14 to 17%o 

for pedogenic carbonate precipitated in equilibrium with soil COo calculated by Ceriing et 

al. (1989). However, Ceriing et al. (1989) explained that for low respiration rates, such as in 

deserts, diffusional mixing of atmospheric CO2 and plant-derived COo can produce up to 

2%o enrichment in the carbon isotopes composition in the upper limit. Although most 

values roughly faU within the acceptable range for paleosols that have not been altered by 
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diagenesis, tiie difference for samples BWD A-120, A-160, A-180, and A-190 exceed the 

range established by Ceriing et al. (1989). All four points are found at the lower depths of 

the BWD A section. It is not likely that laboratory error accounts for this large difference 

between tiie carbonate and organic matter. If diagenesis is not responsible, then an 

altemative reason for the anomalous values could be that denser C3 vegetation was growing 

at the time of the formation of this horizon. Plants growing under closed canopy 

conditions, such as in the tropics, have depleted b^^C values relative to those expected (-22.0 

to -26.0%o), because atmospheric CO2 is lower, due to denser vegetation than in open 

grasslands environments (Soliz, 1996). However, this is unlikely to be the cause in this 

case, because there is no paleobotanical data indicating closed canopy forest environments 

on the Southem High Plains. This information suggests that C3 vegetation in the lower part 

of the BWD A section was denser and gradually changed to a less dense C3 vegetation 

during formation of the profile. C3 plants growing under water stress conditions will also 

have isotopic values slightly enriched compared to those that grow under closed canopy 

conditions, thus explaining the enrichment of the b^^C values up through the profile. 

O'Reilly (1996) reported 6^^C values from the Crosby County section that range from 

-4.3 to -7.2%o for the carbonate and -21.7 to -26.1%o for the coexisting organic matter. 

From the three sections that O'Reilly (1996) analyzed, the Crosby County section is the 

closest section to the Blackwater Draw Formation. b^^C values for the carbonate and the 

organic matter differ by 15.7 to 19.6%o, with an average of 17.6%o. O'Reilly (1996) 

explained that the region favored C3 plants at the time of the formation of tiie "caprock 

caliche." The b^^C values calculated by O'Reilly (1996) slightiy exceed the range of values 

calculated by Ceriing et al. (1989) for soil carbonates that form under equilibrium 

conditions with soil CO2 and that have not undergone diagenesis. However, O'Reilly 

(1996) explained that this slight excess in values may be due to an increase in the 

atmospheric CO2 component due to low respiration rates increasing the upper limit by up to 
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2%o. Inspection of the b^^C trend for the carbonate between the BWD A and the BWD B 

horizon shows a gradual increase upward from ^.18%o, at the contact between horizons 

BWD A and BWD B, at 340 cm (BWD A-10) to a more positive value of -2.7\%o at 330 

cm (BWD B-lOO). This upward enrichment may indicate that there was either a high 

atmospheric component at the time of the formation of this horizon or an enrichment in the 

proportion of C4 grasses through time. 

BWD B Horizon 

Carbon isotope analyses from BWD B yield values ranging from -1.79 to -4.3 l%o for 

the carbonate and -20.2 to -22.7%o for the coexisting organic matter (Figure 4.2). These 

values show a slight increase in b^^C values up through the section. b^^C values for the 

organic matter indicate that the region supported a mixed 03.04 vegetation at the time it 

formed. Carbon and organic matter values differ by 17.2 to 20.5%o, with an average of 

19.3%o. This average value exceeds the maximum values calculated by Ceriing et al. (1989) 

of 14 to 17%o by 03%o. However, the actual percent of the atmospheric component at the 

time of the formation of the soil carbonate is unknown. The slight enrichment in 6^^C 

values up through the BWD B horizon may be due to a higher atmospheric component and 

to low respiration rates. 

BWD C Horizon 

Pedogenic carbonates from the BWD C caliche horizon yield b^^C values that range 

from -0.831 to -6.4%o for the carbonate and -16.4 to -18.7%o for the coexisting organic 

matter. The increase of d^^C for pedogenic carbonate and organic matter suggests tiiat the 

fraction of C4 flora increased during precipitation of tiie uppermost caliche layer. b^^C 

values for pedogenic carbonate and the coexisting organic matter differ by 15.6 to 18.70%o, 
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with an average of 21.7%o. This average value slightiy exceeds the range calculated by 

Ceriing et al. (1989). Hence, as explained above, this enrichment could be due to an 

increased atmospheric CO2 component due to low soil respiration rates of up to 2%o. The 

differences in the values of b^^C between the carbonate and the organic matter in tiie 

"caprock caliche" and the Blackwater Draw Formation suggest that the soil surface of the 

"caprock caliche" could have contributed to the aggrading soil carbonate that later formed 

the Blackwater Draw Formation. 

Field observations indicate that the BWD C horizon of the Blackwater Draw Formation 

in Lubbock is mostly composed of nodular cahche. According to Pendall and Amundson 

(1990), nodular zones in soil carbonate proflles indicate that soil carbonate formed in 

equilibrium with soil CO2 under very low respiration rates. The most likely mechanism for 

the formation of nodules is by the accretion of soil carbonate at the depth of rain 

penetration. Pendall and Amundson (1990) explain that in arid regions or in areas with very 

low biological activity, atmospheric CO2 diffuses down into the soil profile, causing the 

6^^C of soil CO2 to be enriched relative to that of plant-respired CO2. Pendall and 

Amundson (1990) calculated the b^^C values for pedogenic carbonate nodules vs. depth for 

the paleosols in Pakistan as shown in Figure 4.6. Variations in b^^C values of the nodules 

with depth can be attributed to variations in the 6^^C values of the soil COo. The same 

effect is observed for the samples of the BWD C section. Increasing values of b^^C are 

observed with decreasing depth from 230 cm (BWD C-230) up to 80 cm (BWD C-80). 

According to Ceriing (1984), trends of decreasing b^^C values with increasing depth are 

typical of carbonate profiles that result from diffusion of COo from the atmosphere. Based 

on Cerling's study, Pendall and Amundson (1990) plotted their values using a modified plot 

from Quade et al. (1989) in which b^^C is shown under various respiration rates versus 

given organic matter b^^C values (Figure 4.7). Altiiough, the exact depth at which soil 

carbonate forms is unknown, it can be stated that the lower caliche horizon from the 
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Blackwater Draw Formation (BWD A) formed at a minimum depth of 200 cm. Therefore 

using Pendall and Amundson's plot, an estimated low respiration rate can be calculated. 

Low respiration rates are capable of allowing a large influx of atmospheric COo into the 

profile. This suggests that the soil carbonate from the Blackwater Draw Formation formed 

under very low respiration rates. Pendall and Amundson (1990) explained that at a higher 

respiration rate carbonate nodules may have formed in equilibrium with a higher production 

of b^^C values than in modem organic matter (more C4 plants). However, it has been 

shown by Margaritz et al. (1981) that once calcite nodules form and become dense, very 

htde change in the isotopic composition takes place. Therefore, it is unlikely that nodular 

soil carbonate has undergone significant diagenesis. 

The increase to less negative b^^C values up through the Blackwater Draw section 

could be due to either extremely low soil respiration rates, and diffusion of a high 

atmospheric CO2 component into the soil due to extremely arid climates. Or it may suggest 

that the carbonate nodules formed under a progressively higher production of b^^C due to 

an increasing density of C4 biomass, at higher respiration rates. The latter would shift the 

b^^C values to more positive ones. Carbon isotope values calculated by Pendall and 

Amundson (1990) in pedogenic carbonate in Pakistan are similar to the ones calculated for 

the Blackwater Draw Formation. Because of the similarity in the values for the nodular 

zones in caliche paleosols produced in a very arid climate with low respiration rates and 

sparse vegetation because of very low biological activity it may be possible that the 

Blackwater Draw Formation formed under the same conditions, as did the paleosols of 

Pakistan. A very low biological activity will allow atmospheric COo {b^^C = 6 to 7%o) to 

diffuse down into the profile shifting the b^^C of soil COo to less negative values. A 

second possibility could be that the nodules formed in equilibrium with a higher production 

of 6^^C due to higher density of C4 biomass. 
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Modem Soil Samples 

Inspection of the b^^C trend in the uppermost horizon at 10-70 cm-depth, indicates that 

an abmpt shift toward more negative values has occurred (Figure 4.2). Carbon isotope 

analyses yield values ranging from -2.96 to -6.44%o for carbonate and -14.9 to -18.9%o for 

the organic matter. b^^C values for carbonate and the coexisting organic matter show a 

trend of more negative b^^C upward through the section. The small carbonate yield values 

indicate that there are only few grains of carbonate in this section of the profile and that 

these samples possibly are the precursor detrital grains which will eventually dissolve and 

reprecipitate to make the soil carbonate below. Isotopic values for the carbonate and the 

coexisting organic matter may possibly have no relationship with one another and may not 

be also in equilibrium. Therefore these values can not be used to establish an interpretation 

of the vegetation at the time of its formation. The samples were also plotted using a 

modified plot from Ceriing and Quade (1993). The samples faU above the 25°C 

temperature range (Figure 4.8). But, these samples are not considered to be "* caliche" 

because they come from the ~50-70 cm depth section which is in contact with atmospheric 

CO2 and with modem loess and which is subjected to various climatic conditions and are 

also very low in carbonate content. Carbon isotope values coupled with field observations 

indicate that the first five points are composed of modem surface soil, thus having different 

b^^C compositions than those of the caliche falling above the 25"C temperature range. This 

is supported by Cerling's (1984) explanation that soil samples taken at -50 to 70 cm depths 

should not be utilized to develop paleoecologic interpretations because atmospheric COo 

will diffuse into the soil, shifting the carbon isotopic compositions to more positive values. 

However, the trend for these samples shows a more negative tendency. It may be possible 

that the anomalous values are due to a higher influx of atmospheric COo because of 

diffusional processes shifting the b^^C values to more positive ones. However, diffusional 

COo will shift carbon isotopes values to less negative ones instead of to more positive ones 
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as occurs in BWD C. Another possibility for the shift of b^^C may be that die incoming 

wind blown material is reequilibrating to an enriched carbonate composition creating 

anomalous values until the material later reprecipitates below as caliche. Therefore, the 

reequilibration of b^^C values may lead to anomalous values, due to eidier organic or 

inorganic sources, until pedogenic carbonate is produced as the soil profile aggrades 

upwardly. 

6^^0 Results and Discussion 

Oxygen isotope analyses from the Blackwater Draw Formation yield d^^pog values 

ranging from ^.26, in the upper horizon, BWD C, to -6.53%o in the lower horizon, BWD 

A, with an average value of -5.44%o (Figure 4.9). S^^OpoB values are reported in Table 4.2 

and plotted in Figure 4.9. Oxygen isotope analyses show an irregular trend from 10—70 

cm, as was observed for 5^^C analyses. These anomalous values in the surficial soil above 

the uppermost caliche horizon (BWD A) do not follow the general BWD profile trend, 

possibly indicating that reworked detrital grains of cahche, or airfall carbonate "dust" of 

varied origin has been included. 

BWD A Horizon 

Sl^OpDB analyses for the BWD A horizon range from -4.47 to -6.53%o. with an 

average of -5.10%o and a standard deviation of 0.5%o (Figure 4.9). The anomalous values 

were not included in the above calculations. The standard deviation value of the BWD A 

section faUs within Ceriing's (1984) hmit of ±0.5%o or less for oxygen isotopic values in 

pedogenic carbonates. The low standard deviation value suggests that the caliche formed 

under very stable chmatic conditions, or that S^^Opoe is not sensitive enough to record 

slî ^ht chmatic fluctuations that may have occurred during formation of the BWD A horizon. 
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Figure 4.9 Pedogenic carbonate 6'^0 values (relative to PDB) plotted against depth 
(in centimeters) for the BWD -A. -B. and - C sample series, taken from 
the Blackwater Draw Formation type section, as described in this report. 
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BWD B Horizon 

^^^OpDB analyses from the BWD B horizon yield values of -4.70 to -5.10%o, with an 

average of -4.78%o and a standard deviation of 0.05%o (Figure 4.9). The standard deviation 

falls within Ceriing's (1984) range for soil carbonate tiiat formed under uniform chmatic 

conditions. 

BWD C Horizon 

S^^OpDB analyses from the BWD C horizon yield values of -4.26 to -5.28%o, with an 

average of -4.92%o and a standard deviation of 2.89%o (Figure 4.9). The standard deviation 

is much higher than the ±0.5 range proposed by Ceriing (1984) for soil carbonates that 

formed under uniform chmatic conditions. However, if the uppermost five points of the 

profile are removed from the data set, a standard deviation is 0.5%o. The standard deviation 

suggests that below -70 cm, the soil carbonate formed under uniform chmatic conditions 

and that at ~70 cm and above the carbonate may not be of pedogenic origin. This 

observation suggests that the isotopic composition of the uppermost five samples may be 

the result of a different mechanism (e.g., detrital grains in airfall) than the profile below. 

In addition to these five points, another point (BWD A-50) is also unusual, making a 

total of six points. If these six anomalous points are removed from the general trend, the 

oxygen isotopes yield Sl^Op^e values of -4.26 to -6.53%o, with an average of -5.03%o and 

a standard deviation of 0.3%o. The standard deviation falls within Cerling's (1984) standard 

deviation range indicating that soil carbonate formed under constant climatic conditions and 

pedogenesis occurred uniformly. 

Modem Soil Samples 

The uppermost five data points from tiie BWD C horizon, (BWD C-10, C-20, C-30, C-

40, C-50, C-70), faU markedly off the BWD C general trend. This anomaly may reflect 
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detrital accumulation or diagenesis. Diagenesis is suggested based on die observation of a 

similar shift for the b^^C and b^^O values in the same five points. However, it is difficult to 

determine if diagenesis has or has not occurred. The following information presents die 

results of a closer inspection. If the first five points are plotted as 6^80 versus b^^C, they 

show a correlation with each other (Figure 4.10). Moreover, oxygen varied nearly tiiree 

times as much as carbon. The linear correlation implies that both isotope systems are 

influenced by the same mechanism or a single source. Thus, die oxygen isotopic 

composition for the carbonate could not be controlled by H2O, because tiiat should not 

affect the carbon isotopes. The most likely source to control both isotope systems would be 

a C-O containing source such as a correlation in S^^O and b^^C in Rayleigh distillation. In 

the case of Rayleigh distillation, which is solely mass dependent, tiie carbon would 

fractionate according to (45/44)^/2, (a^^C), and oxygen according to (46/44)l^-, (QI^O) . 

Using Rayleigh distillation can be calculated for any given fraction, F, remaining using: 

6=(6o+1000)*F^""^^-1000 

60 is the initial delta value and a is the fractionation factor. This equation yields slope 2 on 

a 6l^O versus 6^^C plot where CO2 is the gas species. It appears therefore that it is 

possible to explain the observed data in terms of Rayleigh distillation: the calcite grains may 

thus have formed or equilibrated from the same initial pool of COo that has uniform 

isotopic composition. Pendall and Amundson (1990) explained that anomalous isotopic 

values in caliche profiles are expected because the model developed by Ceriing (1984) 

assumes constant isotope ratios with depth; however, some precipitation changes can occur 

by the time the soil profile aggrades. Moreover, sometimes the occurrence of anomalous 

values in caliche profiles is inexplicable. In any case, if these six anomalous points are 

removed from the data set, the 6l^0pDB values range from -4.26 to -6.53%o, with an average 

of -5.03 %o. The constant trend for 6 ^ ^ values indicates that there was a nearly constant 

meteoric b^^O composition during the time the Blackwater Draw Formation formed. 
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Ceriing and Hay (1986) studied the paleosol carbonates of Olduvai Gorge. Their 

analyses showed that tiiere was httie variation in tiie 6^80 values in soil carbonate. Ceriing 

and Hay (1986) developed a model in which tiiey calculated paleometeoric water b^^O 

compositions. Ceriing and Hay (1986) assumed that carbonate 61^0 compositions are 

related to the 61^0 compositions of local precipitation. Soliz (1996) calculated a range of 

paleotemperatures by the application of Ceriing and Hay's (1986) metiiod assuming that tiie 

soil formed at equilibrium with 61^0 of rain water. Soliz's paleotemperamre estimations 

demonstrated that the Blackwater Draw Formation at Blanco Canyon formed under 

relatively constant water 61^0 composition for the last 1.6 Ma. Therefore, Soliz's study and 

the present one suggest that the Blackwater Draw Formation formed under uniform chmatic 

conditions throughout, or that 61^0 compositions are not sensitive enough to record small 

changes in the chmatic conditions. 

Pendall and Amundson (1990) constmcted a plot showing the S ^ ^ S J ^ Q W 

composition versus depth (Figure 4.11). This plot also shows that the mechanism by which 

nodules form affects the fil^Ogi^ow ^^ ĥe same manner as it does S^̂ CpDB composition. 

Nativ and Riggio (1990) reported S^^Osn^ow values that were measured for modem 

precipitation on the Southem High Plains for the years 1984-1985. An average value of 

about -6.6%o was calculated for Lubbock, and an average value of -7.5%o was calculated for 

the South Plains region. Since the study area of the Blackwater Draw Formation discussed 

in this thesis is located in Lubbock, these data are applicable. Assuming that the paleosol 

carbonate from the Blackwater Draw Formation formed in isotopic equilibrium with soil 

waters, and that soil waters reflect the oxygen isotope composition of local waters, the 

average S^^OSMOW composition calculated by Nativ and Riggio (1990) indicates that the 

paleometeoric precipitation for the Southern High Plains was enriched (more positi\e 

Sl^Opoe) than modem precipitation. 

An average value of -5.04%o was calculated based on the caliche samples in this thesis. 
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Figure 4.11 Oxygen isotopic composition of carbonate disseminated in the soil and 
within the inner and outer components of soil calcite nodules taken from 
Punjab, Pakistan (modified from Pendall and Amundson, 1990). 
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Figure 4.13 Estimates of Pleistocene mean annual temperature for the Southem High 
Plains (range shown with lines on graph), based on the estimated meteoric 
water composition derived from soil carbonate 6^^0 isotopic values (see 
Figure 4.12) taken from the Blackwater Draw Formation type section, as 
described in this report. Diagram is based on data of Ceriing (1984). 
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Nativ and Riggio's values can be used as a guide to reconstmct the paleochmatic conditions 

under which the Blackwater Draw Formation formed. Their 61^0 data suggests that the 

6 O data of the Blackwater Draw Formation formed under warmer chmates having 

meteoric waters richer in b^^. Using Figure 4.12, estimated b^^Osuow values can be 

made for the meteoric waters of Lubbock. The meteoric waters of Lubbock have 

^^^OgMOW values that range from -5.1 to -8.2%o. The values resulting from this study 

agree witii those calculated by O'Reilly (1996). Her values range from -5.0 to -8.0%o. 

These ^I^OSMOW values are very similar to those estimated by O'Reilly, indicating tiiat tiie 

"caprock cahche" and the Blackwater Draw Fomiation fomied under very similar climatic 

conditions. A plot constmcted by Ceriing (1984; Figure 4.13 here), that relates temperamre 

and S^^Ogj^Q^ can be used to estimate temperamres from 9 to 17°C for the Blackwater 

Draw samples. Not unexpectedly, the chmatic setting of the Blackwater Draw Formation 

falls within the "continental" field. Ceriing (1984) also constmcted a plot (Figure 4.14) 

which shows the relationship between the isotopic composition of carbonate and 

temperamre. Most of the values from the Blackwater Draw Formation faU within the 

"continental" area, whereas some others fall in the " monsoonal" and "coastal" fields. 

Thus, the plot suggests that most soil carbonate formed under continental conditions with 

slight fluctuations of atmospheric COo Also, this plot indicates that soil carbonate may 

have been influenced by monsoonal conditions or by very low oxygen isotope compositions 

An altemative explanation of the constancy in the carbonate 6 ^ ^ data is that caliche in this 

region only formed seasonally. Thus, the temperature was nearly constant during the 

restricted caliche growth periods. Further studies are needed to resolve these questions. 
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CHAPTER V 

CONCLUSIONS 

Paleosol caliche profiles in the Blackwater Draw Formation in nortiiem Lubbock 

County were analyzed for their stable carbon and oxygen isotopic ratios to provide a tool 

for the interpretation of paleoclimate of the Southem High Plains. Carbon isotope analysis 

suggests that tiie C4 to C3 fraction of flora has increased on the Southem High Plains for 

approximately the past 2 million years. Although it is difficult to determine quantitatively 

the fraction of C4 to C3 vegetation, Ceriing's model (1984) can be used to estimate tiie 

proportion of C4 flora present during deposition of the Blackwater Draw Formation. This 

indicates that the fraction of C4 flora has increased from approximately 2 million years ago 

to modem times. 

Anomalous values for the difference between the isotopic composition of the carbonate 

fraction and the coexisting organic matter were observed previously in b^^C data from the 

Blackwater Draw Formation at Blanco Canyon (Soliz, 1996). The paleosol profiles of the 

Blackwater Draw Formation in Lubbock County yield carbonate-organic matter differences 

between 15.2 and 25.7%o, while only five samples fall within the theoretical calculated values 

of 13.5 to 16.5%o. An explanation of these anomalous values may be that there was a 

higher atmospheric COo component introduced during precipitation of soil carbonate in the 

Blackwater Draw Formation. A possible model to explain the conditions by which the 

pedogenic carbonate in tiie Blackwater Draw formed, would include very low soil COo 

concentrations under a higher atmospheric component than one would expect for soils that 

formed in arid or semi-arid climate, or under a higher atmospheric component with a denser 

vegetation (more C4 plants). The higher influence of atmospheric CO^ during precipitation 
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of the soil carbonate may be reflected in the nodular nature of the carbonate, and its 

tendency to desiccate and crack, allowing for a higher flux of atmospheric CO^ into the soil. 

This may have occurred during accumulation of the Blackwater Draw Formation at 

Lubbock County. 

There is a marked enrichment in 6 -̂̂ C values up through the three successive profiles, 

suggesting an increased preference of C4 flora over C3 as the deposits of tiie Blackwater 

Draw Formation aggraded. Oxygen isotope analyses suggest that the Blackwater Draw 

Fonnation may have formed under relatively uniform climatic conditions across the 

Southern High Plains. Nativ and Riggio (1990) showed that modem precipitation on the 

Southem High Plains is more depleted in 6^°0 compared to the 6^°0 values calculated for 

the precipitation of Blackwater Draw caliches. This may indicate that the Blackwater Draw 

Formation formed under warmer climates, with meteoric water enriched in 6^°0 compared 

to modem precipitation in the region. 
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Table A.l. Measured 6 C values for soil carbonate, T.O.C. (Total Organic Carbon), 
and the 6 ̂ ^C difference between soil organic and soil carbonate. 

Depth 

(cm) 

10 

20 

30 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

140 

150 

160 

170 

180 

190 

200 

210 

220 

Sample I.D. 

BWD C-10 

BWD C-20 

BWD C-30 

BWDC-40 

BWDC-50 

BWDC-60 

BWD C-70 

Average 

Standard Deviation 

BWD C-80 

BWDC-90 

BWDC-100 

BWDC-110 

BWD C-120 

BWDC-130 

BWDC-140 

BWDC-150 

BWDC-160 

BWDC-170 

BWDC-180 

BWDC-190 

BWD C-200 

BWD C-210 

BWD C-220 

6i3CpDB 

Carbonate 

-4.44 

-6.44 

-4.36 

-6.84 

-2.96 

-

-5.21 

-5.04 

1.44 

-0.987 

-0.831 

-0.921 

-1.05 

-1.34 

-1.21 

-1.25 

-1.23 

-1.13 

-1.21 

-1.58 

-1.23 

-1.29 

-1.62 

-1.41 

6l3CpDB 

T.O.C. 

-18.10 

-14.89 

-15.01 

-15.08 

-16.03 

-15.44 

-15.59 

-15.73 

-17.61 

-16.45 

-16.12 

-17.35 

-18.12 

-18.93 

-18.11 

-

-20.38 

-19.29 

-23.11 

-22.24 

-18.88 

-21.91 

-22.16 

A(6̂ 3(3carbonate -

6^3(̂ organics) 

13.66 

8.450 

10.65 

8.240 

13.07 

-

10.38 

10.69 

16.62 

15.62 

15.20 

16.30 

16.78 

17.72 

16.86 

-

19.25 

18.08 

21.53 

21.01 

17.59 

20.29 

20.75 
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Table A. 1. continued. 

Depth 

(cm) 

230 

240 

250 

260 

270 

280 

290 

300 

310 

320 

330 

340 

350 

360 

370 

380 

390 

400 

410 

420 

430 

440 

Sample I.D. 

BWD C-230 

Average 

Standard Deviation 

BWDB-10 

BWD B-20 

BWD B-30 

BWDB-40 

BWD B-50 

BWDB-60 

BWD B-70 

BWD B-80 

BWDB-90 

BWDB-100 

Average 

Standard Deviation 

BWD A-10 

BWD A-20 

BWD A-30 

BWD A-40 

BWD A-50 

BWD A-60 

BWD A-70 

BWD A-80 

BWD A-90 

BWDA-100 

BWD A-110 

6l3CpDB 

Carbonate 

-1.40 

-1.23 

0.22 

-1.74 

-2.13 

-1.94 

-2.07 

-1.79 

-1.95 

-4.30 

-2.95 

-2.65 

-2.71 

-2.42 

0.780 

-4.18 

-6.34 

-4.44 

-3.91 

-5.85 

-5.72 

-4.19 

-5.83 

-5.06 

-5.40 

-6.10 

6l3CpDB 

T.O.C. 

-22.76 

-19.56 

-21.56 

-22.68 

-21.07 

-21.86 

-21.70 

-

-21.71 

-20.18 

-21.64 

-21.41 

-21.53 

-22.84 

-23.60 

-21.94 

-

-

-22.53 

-21.51 

-22.41 

-22.54 

21.91 

-

A(6^3Gcarbonate-

6^3Corganics) 

21.36 

18.33 

19.82 

20.55 

19.13 

19.79 

19.91 

-

17.41 

17.23 

18.99 

18.70 

19.11 

18.66 

17.26 

17.50 

-

-

16.81 

17.32 

16.58 

17.48 

16.51 

-
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Table A. 1. continued. 

Depth 

(cm) 

450 

450 

450 

460 

470 

480 

490 

500 

510 

520 

530 

Sample I.D. 

BWD A-120a 

BWD A-120b 

BWD A-120c 

BWDA-130 

BWD A-140 

BWDA-150 

BWDA-160 

BWDA-170 

BWD A-180 

BWDA-190 

BWD A-200 

Average 

Standard Deviation 

6'3CpDB 

Carbonate 

-5.30 

-5.80 

-5.75 

-6.42 

-6.39 

-6.33 

-6.11 

-6.13 

-6.09 

-5.81 

-6.20 

-5.61 

0.773 

6l3CpDB 

T.O.C. 

-31.44 

-

-

-

-18.70 

-22.10 

-26.82 

-25.60 

-30.73 

-27.07 

-23.99 

-24.11 

A(6̂ 3(̂ c2ii-5onate -

6^3Corganics) 

26.14 

-

-

-

12.31 

15.77 

20.71 

19.47 

24.64 

21.26 

17.79 

18.50 
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