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ABSTRACT 

Stable carbon and oxygen isotopic ratios were measured for caliche horizons in 

the Blackwater Draw Formation, at Blanco Canyon, in order to determine the 

paleoclimatic history of the Southern High Plains for approximately the past 1.6 Ma 

Carbon isotopes were analyzed to determine the proportion of C4 to C3 vegetation, and 

possible soil conditions at the time of carbonate formation. It was found to be 

quantitatively difficult to determine the fraction of c4 to c3 vegetation once supported 

by the Blackwater Draw Formation paleosols, however it has likely varied from less 

than 50% C4 prior to 1.6 Ma up to as much as 80% C4 in more recent times. Modeling 

of paleosol conditions suggested that the caliches formed under low soil C02 

concentrations, which resulted from sparse surface vegetation giving rise to low soil 

respiration rates and allowing for a higher influence of atmospheric C02 • Oxygen 

isotopes were analyzed in order to calculate paleometeoric water compositions and to 

determine primary sources for precipitation on the Southern High Plains. Measured 

~180 compositions suggest that the oxygen isotopic composition of precipitation has not 

changed drastically over the past 1.6 Ma and modem precipitation for the Southern 

High Plains is more depleted in 180 relative to values calculated in this study. It is 

suggested that pre-Holocene atmospheric circulation patterns, over the Southern High 

Plains, were similar as today but allowed for a higher influence of precipitation from 

Gulf moisture. 
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1.1 Previous Research 

CHAPTER I 

INTRODUCfiON 

Few quantitative methods exist for paleoclimate reconstruction in terrestrial 

depositional systems (Cerling et al., 1989). However, Cerling (1984) introduced a 

quantitative method of paleoclimate reconstruction using stable carbon and oxygen 

isotopes from soil carbonates. Cerling (1984) discussed the relationship between the 

isotopic composition of modem soil carbonate and climate. Cerling suggested that soil 

carbonates register the influence of climate and vegetation on soil-forming processes, in 

their carbon and oxygen isotopic compositions. The oxygen isotopic composition of 

soil carbonate is dependent upon the oxygen isotopic composition of local precipitation. 

Cerling ( 1984) stated, that the oxygen isotopic composition of precipitation is related to 

climate by mean annual temperature. Soil carbonates form in isotopic equilibrium with 

a reservoir of soil C02 . The carbon isotopic composition of soil C02 is related to the 

proportion of vegetation using the C3 or C4 photosynthetic pathway. Therefore, the 

carbon and oxygen isotopic compositions of soil carbonate are related to the isotopic 

compositions of local vegetation and the local precipitation, respectively. Cerling 

( 1984) predicted the relationship between the carbon isotopic composition of modem 

soil carbonates and the carbon isotopic composition of soil C02• He showed that the 

oxygen isotopic composition of modem soil carbonate is indeed related to the oxygen 

isotopic composition of local meteoric waters. Davidson ( 1995) expanded on the work 

of Cerling and provided a simplified mathematical model for showing the relationship 

between the l>13C of soil carbonate and soil C02• 

Because modem soil carbonates have an isotopic composition that is determined 

by modem climatic conditions, Cerling suggested that paleosol carbonates which have 
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not experienced diagenesis or overprinting should retain a carbon and oxygen isotopic 

composition that elucidates past climatic conditions. Therefore, paleosol carbonates 

which retain their carbon and oxygen isotopic compositions from the time of carbonate 

formation, should be useful for paleoclimate reconstruction. 

Since Cerling's (1984) work, Cerling and numerous others have applied stable 

carbon and oxygen isotopes, from modem and paleosol carbonates, to paleoclimate 

reconstruction around the globe. Cerling and Hay (1986) studied the carbon and 

oxygen isotopes from paleosol carbonates from the Olduvai Gorge in northern 

Tanzania, East Africa, that span the past 2.2 Ma. Cerling and Hay's study suggested 

three major climatic changes in East Africa associated with major changes in flora and 

meteoric water compositions. Cerling et al. ( 1988) looked at the isotopic composition 

of carbonates from fluvial and lacustrine sediments and pedogenic carbonates, from the 

Plio-Pleistocene Koobi Fora sequence and modem sediments, in the Turkanan Basin of 

East Africa. Quade et al. ( 1989a) studied stable carbon and oxygen isotopes from 

paleosol carbonates spanning 18 Ma, from the Sil walik Group sediments of northern 

Pakistan. Carbon and oxygen isotopic compositions from the Silwalik Group paleosol 

carbonates showed the inception or marked strengthening of an Asian monsoon system 

in northern Pakistan. Quade et al. (1989b) analyzed the isotopic composition of 

Holocene soil carbonates from the southern Great Basin, in Nevada. They studied soil 

carbonates in the unsaturated zone along elevation transects to determine the effects of 

climate, ecological variations, differences in parent material, and soil depth on the 

carbon and oxygen isotopic composition of soil carbonate. Cerling ( 1992) studied the 

isotopic composition of soil carbonates spanning 16 Main East Africa. Cerling's study 

revealed the development of savanna type grasslands in East Africa, which indicated an 

increase in the proportion of C4 vegetation. Kelley et al. (1991) studied the influence of 

climate and vegetation on the carbon isotopic composition of pedogenic carbonate on 
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the northern Great Plains. Humphrey and Ferring (1992) analyzed lacustrine and 

pedogenic carbonate from north Central Texas, to interpret the climatic history of the 

southern Great Plains. Amundson et al. (1996) studied the isotopic composition of 

pedogenic carbonates from Holocene and pre-Holocene soils, in the Wind River basin 

of northern Wyoming. In the Wind River basin soil carbonates, Amundson et al. 

observed anomalous l)180 compositions and attributed them to changes in atmospheric 

circulation patterns, which control the movement of weather systems across northern 

Wyoming. 

1.2 Purpose 

The stable carbon and oxygen isotopic composition of paleosol carbonates, 

from the Blackwater Draw and Blanco Formations, were analyzed to determine the 

paleoclimatic history of the Southern High Plains, for approximately the past 1.6 Ma. 

Age constraints at the sampled location in Blanco Canyon are provided by the presence 

of the Guaje Ash layer dated at approximately 1.4 Ma and by the well developed BCA

D calcrete, which is thought to have formed over a time span of 200,000 years. Four 

caliche horizons in the Blackwater Draw Formation and the upper Blanco Formation 

limestone were analyzed for their carbon and oxygen isotopic ratios. Carbon isotopes 

were analyzed to determine the proportion of c4 to c3 vegetation and possibly past soil 

conditions, while oxygen isotopes were analyzed in order to calculate paleometeoric 

water compositions and to determine primary sources for precipitation on the Southern 

High Plains. 
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CHAPfER II 

SURACIAL GEOLOGY OF THE SOUTHERN HIGH PLAINS 

2.1 Introduction 

The Southern High Plains, Llano Estacada, or Staked Plains is the 

southernmost part of the High Plains Province (Figure 2.1). The Southern High Plains 

is essentially a plateau bounded by the valley of the Canadian River on the north, by the 

Pecos River Valley to the west, and to the east by the "Caprock Escarpment" formed by 

erosion of the Colorado, Brazos, and Red rivers. To the south the Southern High 

Plains merges physiographically with the Edwards Plateau. The Southern High Plains 

region is nearly flat with a southeast slope of 1.5 to 2 meters per kilometer. The 

surface of the Southern High Plains is relatively featureless except for numerous 

shallow depressions called playas and several large saline lake basins or salinas 

(Reeves, 1976). 

2.2 Evolution of the Southern High Plains 

Geologic evolution of the Southern High Plains began with the development of 

the Ogallala Formation, in late Miocene time (Schultz, 1977). During the Miocene, 

fluvial sediments of the Ogallala Formation were deposited across eastern New Mexico 

and northwest Texas, by southeastward flowing ephemeral braided streams draining 

the southern Rocky Mountains of central New Mexico (Gustavson and Winkler, 1988; 

Winkler, 1985, 1987). By the end of Miocene time, streams draining the Rocky 

Mountains no longer deposited sediments across eastern New Mexico and northwest 

Texas. Gustavson and Finley (1985) and Gustavson (1986a) suggested that the 

southeastward flowing streams were diverted to the south and northeast and gave rise 

to the ancestral Canadian and Pecos Rivers, which currently bound the Southern High 
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Crosby County 

Blanco Canyon 

'\. 
High Plains 

New Mexico 

Figure 2.1. Location of the Southern High Plains in eastern New Mexico and 
northwest Texas. The Blanco Canyon study area is shown, on the eastern 
edge of the Uano Estacado, in Crosby County, Texas. 
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Plains to the north and west From late Miocene through middle Pliocene time, tl u\·ial 

processes continued, but eolian activity dominated the Plains region. As a result of this 

eolian activity, a thick sequence of eolian sediment is interbedded with the Ogallala 

fluvial material. Following this period of fluvial and eolian sedimentation, the Southern 

High Plains experienced a prolonged interval of landscape and climate stability, during 

which the Ogallala caprock caliche formed (Gustavson et al., 1991). 

After formation of the Ogallala caprock caliche, a series of large saline lake 

basins developed on top of the Ogallala deposits (Gustavson et al., 1991). These lakes 

were probably seasonal to semipermanent, and existed between periods of desiccation 

in an arid to semiarid climate (Holliday, 1988). Two examples of these lacustrine 

deposits are the Blanco Formation and the Tule Formation, which are late Pliocene and 

early Pleistocene in age, respectively (Gustavson et al., 1991). 

Blanketing the surface of the Southern High Plains and lying disconformably 

over the Ogallala Formation, and locally on lacustrine deposits of the Blanco and Tule 

Formations, is a thick sequence of eolian sediment termed the Blackwater Draw 

Formation (Gustavson et al., 1991). The Blackwater Draw Formation covers 

approximately 120,000 km2 (Holliday, 1988) of northwest Texas and eastern New 

Mexico (Holliday, 1990) (Figure 2.1). It is considered an eolian deposit, because of its 

extensive sheetlike nature and sediment grain size distribution. Sediments grade from 

sand in the southwest to clay in the north and northeast, and the sediment size 

distribution indicates southwesterly winds have dominated the Southern High Plains 

for some time (Holliday, 1988). The source for the Blackwater Draw sediments was 

probably the Pecos River Basin, to the west (Brown, 1956) or the southwest portion of 

the Llano Estacada itself (Lotspeich and Coover, 1962). 

The Blackwater Draw Formation has been interpreted as a cyclic depositional 

sequence composed of layers of eolian sediment alternating with buried soil profiles 
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(argillic and calcic horizons). A depositional cycle began with accumulation of eolian 

sediment followed by a period of landscape stability culminating in soil formation and 

ultimately eolian deflation. Periods of landscape stability were provided by growth of 

vegetation. The presence of vegetation also explains the general absence of primary 

sedimentary structures within the buried soil argillic horizons. The only sedimentary 

structures found in the calcic horizons are glaebules and rhizoconcretions (Gustavson et 

al., 1991). Deflation is believed to cause the lateral discontinuity in soil horizons, and 

results in a varied number of buried soils from one location to another. In the 

Blackwater Draw Formation, several buried soils have been identified (Holliday, 1988) 

and locally the number of soils may be as many as seven; in other locations none may 

be present (Holliday, 1990). The buried soils suggest the occurrence of climatic 

fluctuations on the Southern High Plains throughout the Pleistocene and Holocene 

(Evans and Meade, 1945; Brown, 1956; Frye and Leonard, 1957a, 1957b,1965; 

Reeves, 1966; Wendorf, 1961). 

2.3 Blanco Canyon 

Blanco Canyon was formed by the White River, which is a tributary to the Salt 

Fork of the Brazos River. The White River Valley is a reentrant drainage cut into the 

eastern escarpment of the Southern High Plains exposing Triassic to Quaternary 

sedimentary rocks (Holliday, 1988). 

The study area is located just west of the intersection of HW 651 and FM 193, 

on FM 193, in Crosby County, approximately 10 miles north of Crosbyton (Figure 

2.1). Here the Blanco and Blackwater Draw Formations are well exposed in a roadcut 

on the west wall of Blanco Canyon (Figure 2.2 ). This location was chosen for 

sampling because it has previously been described in detail (Holliday, 1988). At this 

location, the Blackwater Draw Formation is approximately five meters thick and the 
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unconformity with the underlying Blanco Formation is well shown (Holliday, 1988). 

Within the Blackwater Draw Formation, three buried soils are present plus the surface 

soil, and each soil zone has an associated calcic horizon (Holliday, 1988). 

Approximately four meters down from the surface and below two of the buried soils is 

an ash layer correlated with the Guaje Ash (Holliday, 1990). The Guaje ash is 

deposited on top of the lowermost buried soil. At the base of the lowermost buried soil 

zone is a calcic layer which comprises the base of the Blackwater Draw Formation 

(Holliday, 1988). 

Each of the buried soils in the Blanco Canyon section along FM 193 has a calcic 

layer with different characteristics. The uppermost carbonate horizon identified as 

(BCA-A) in this report is interpreted to be part of the modern surface soil (Holliday, 

1988). This carbonate horizon is approximately 80 em thick and the carbonate material 

is relatively soft (Figure 2.3). The top of this zone has a crude platy structure and 

features that appear to be burrows are present. The middle 40-50 em of the zone is soft 

and massive and the lower part of this zone is nodular. Both of the buried soils below 

the surface soil and above the Guaje Ash, contain stage III calcic horizons (Holliday, 

1990). The upper of these (BCA-B, Figure 2.4) is approximately 160 em thick and 

forms columnar structures within the reddish brown argillic material. The lower caliche 

(BCA-C) horizon is approximately 50 em thick and has a platy lamellar structure 

throughout its entire thickness. This calcic horizon is developed directly on top of the 

Guaje Ash (Figure 2.5). The Guaje Ash is comprised of a 30 em thick layer of pure ash 

and a 50 em thick layer of ash mixed with sand. The Guaje Ash was derived from the 

Jemez volcanic field in New Mexico. Glass shards from the ash have been fission-

track dated at 1.4 ± 0.2 Ma (lzett et al., 1972) and 1.77 ± 0.44 Ma (Boellstorff, 1976). 

This ash layer rests on top of the lowermost buried soil, in the Blackwater Draw 
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Figure 2.3. Sketch of the BCA-A caliche horizon, in the Blackwater Draw Formation 
(see Figure 2.2 for location). 
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Figure 2.4. Sketch of the BCA-B caliche horizon, in the Blackwater Draw Formation 
(see Figure 2.2 for location). 
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Figure 2.5. Sketch of the BCA-C caliche horizon, in the Blackwater Draw Formation 
(see Figure 2.2 for location). 
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Formation. The lowest meter of this soil has a well developed stage IV pedogenic 

calcrete (Holliday, 1988). The calcrete (BCA-D) is approximately 130 em thick, 

massively bedded, and the material is well indurated with breccia clasts of the 

underlying Blanco Limestone (Figure 2.6). Due to the degree of development of this 

calcic layer, it may have taken as much as 100,000-200,000 years to form (Holliday, 

1988). This time span was estimated based upon comparisons with other calcic 

horizons described in more arid climates (Machette, 1985; Holliday, 1988). 

Underlying the lowermost calcrete of the Blackwater Draw Formation are the 

uppermost sediments of the Blanco Formation. The upper lithology of the Blanco 

Formation is an olive gray limestone, that is internally contorted and has numerous 

vertical and horizontal joints. The unit is also folded into a series of anticlines and 

synclines. Within troughs of the synclines and below the lowest Blackwater Draw 

calcrete, are reddish sands up to one meter in thickness. These sands are thought to be 

part of the Blackwater Draw Formation, but have not experienced pedogenesis 

(Holliday, 1988). 

The calcic horizons in the Blackwater Draw Formation are labeled BCA A, B, 

C, and D (Figure 2.2). Samples were collected from the three buried soil calcic layers 

and from the calcic layer in the modem soil. Samples were also collected from 

lacustrine limestone in the upper Blanco Formation. Samples were collected in 

increments of 10 centimeters until the entire thickness of the zone was sampled. 
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Figure 2.6. Sketch of the BCA-D caliche horizon, in the Blackwater Draw Formation 
(see Figure 2.2 for location). 
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3.1 Sample preparation 

CHAPTER III 

MATERIALS AND :METHODS 

Sample preparation began with the removal of any observable weathering 

product from the outer portion of the caliche sample. Weathering products were 

removed to ensure the use of fresh material and thereby reduce the possibility of 

isotopic contamination. Samples were ground to a fine powder using a dimonite mortar 

and pestle. 
\ 

The powder was placed in plastic vials and the vials were stored in a dessicator 

over sodalime and dessicant, to reduce any chance of isotopic exchange with 

atmospheric moisture and carbon dioxide. Sample vials were labeled with an 

abbreviation of their location and a number in centimeters indicating their relative 

position in the section. For example, sample BCA C-50 was collected from Blanco 

Canyon in the caliche horizon labeled BCA -C, 50 centimeters from the top of the zone. 

Isotopic data were collected from the pedogenic carbonate, and from the organic 

material contained within each sample. Carbon and oxygen isotope ratios were 

obtained for carbonate, and carbon isotope ratios were obtained from the organic 

material. C02 collection from the pedogenic carbonate and the organic material required 

different preparation techniques, described below. 

3.2 co~ from pedogenic carbonate 

Carbon dioxide samples were prepared from carbonate according to the 

procedures described by McCrea (1950). As shown by Epstein et al. (1953), it is 

essential to destroy any organic material in the sample to obtain carbon dioxide 

produced solely from calcium carbonate. Powdered samples were placed in ceramic 
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boats, which were then inserted into a horizontal tube furnace (Figure 3.1). The 

temperature was held at 480°C for thirty minutes, while a stream of hot high purity 

helium (99.999%) was swept through the furnace. Helium provided an inert 

atmosphere and removed any volatile decomposition products, from the baked 

organics. Rowing helium through the furnace removed any oxygen and water evolved 

during roasting, that might exchange with the carbonate. The use of high purity helium 

eliminates the necessity of using an activated charcoal-filled trap cooled with liquid 

nitrogen to purify helium (Epstein et al., 1953). 

Once roasted, carbon dioxide was released from the calcium carbonate by 

reaction with 100% phosphoric acid. Twenty-five to thirty-five milligrams of sample 

were reacted with the acid solution as described by McCrea (1950). Reaction vessels . 

were placed in an agitated water bath at 25.2°C and reacted for 24 or 48 hours. Carbon 

dioxide was extracted from the vessels on a vacuum line and cryogenically purified 

using liquid nitrogen and a dry ice-M17 slurry. Calibrated manometers were used to 

measure the pressure of the evolved carbon dioxide and the pressure values were used 

in volume calculations. Once the gas had been cleaned and its volume determined, the 

sample was transferred into a sample tube in preparation for mass spectrometry 

analysis. 

3.3 co! from organic carbon 

One hundred to two hundred milligrams of sample powder were placed in a 

beaker and reacted with 12.5% HCl for twenty-four hours to remove the carbonate 

portion. Acid residues were dried for twenty-four hours at room temperature of 25° C 

and weighed to obtain the percentage of carbonate (Table 3.1). 
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Table 3.1. Weight% carbonate for the Blackwater Draw Formation caliche 

samples from Blanco Canyon. 

Sample I. D. Wt.% Carbonate Sample I. D. Wt.% Carbonate 

BCA A-10 76.32 BCA B-150 46.04 

BCAA-20 70.28 BCA B-160 67.58 

BCA A-30 65.07 BCA C-10 64.71 

BCA A-40 75.83 BCA C-20 63.72 

BCA A-.50 65.99 BCA C-30 67.61 

BCAA-60 61.91 BCA C-40 41.99 

BCA A-70 48.67 BCA C-50 3.78 

BCA A-80 52.55 BCA D-10 52.18 

BCA B-10 54.01 BCA D-20 43.95 

BCA B-20 68.28 BCA D-30 31.26 

BCA B-30 62.81 BCA D-40 84.20 

BCA B-40 58.87 BCA D-50 62.66 

BCA B-50 61.74 BCA D-60 39.81 

BCA B-60 62.64 BCA D-70 90.40 

BCA B-70 59.93 BCA D-80 67.99 

BCA B-80 42.33 BCA D-90 45.80 

BCA B-90 61.54 BCA D-100 59.64 

BCA B-100 41.01 BCA D-110 38.36 

BCA B-110 53.42 BCA D-120 38.34 

BCA B-120 53.65 BCA D-130 35.73 

BCA B-130 47.53 BCA Blanco 72.79 

BCA B-140 55.60 
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Samples were next loaded in clean quartz tubes along with one gram of cupric 

oxide (CuO) and a piece of silver foil. CuO provided the oxygen for the carbon dioxide 

and the silver was used as a reaction catalyst (Northfelt et al., 1981). The tube was 

attached to a vacuum line, evacuated, and sealed with a torch. The samples were 

com busted for six hours at 800°C. After combustion, the tube was cracked into a 

vacuum line, the C02 gas was released, cryogenically purified, and the quantity 

measured using a manometer. 

3.4 Mass Spectrometry 

Purified C02 gas samples were analyzed in the Stable Isotope Laboratory at 

Texas Tech University using a VG SIRA-12 ratio mass spectrometer equipped with a 

microinlet system. Samples were run against in-house standard TTU-2. Both carbon 

and oxygen isotope data are expressed in the~ notation relative to Vienna Pee Dee 

Belemenite (VPDB) where: 

3.1 

and R is the 18a 160 or 13C/12C isotope concentration ratios. 

19 



CHAPTER IV 

CARBON AND OXYGEN ISOfOPI C COtvfi>OSITI ON 

OF SOIL CARBONATE 

4.1. l>13C of Vegetation 

Some fundamental relationships must be discussed to understand the application 

of carbon isotopes, from paleosol carbonates and their coexisting organic matter to 

paleoclimate reconstruction. First, it is important to discuss the isotopic composition of 

vegetation and how its isotopic composition effects the isotopic compositions of soil 

organic matter, soil C02 , soil respired C02 , and soil carbonate. 

There are three major groups of plants based on the manner in which they 

photosynthesize: C3 , C4 , and CAM plants. Nearly all trees, most shrubs, and cool

season and montane grasses are C3 plants (Cerling et al., 1991b). C4 plants include 

tropical grasses, sedges, and some euphorbia and chenopods. CAM plants include 

cacti and other plant species, which are suitable to more arid or desert climates. Each of 

the major groups of plants have distinct carbon isotopic compositions. The l>13C 

isotopic composition of C3 plants ranges from -22 to -35%o and averages about -26o/oo. 

C4 plants have l>13C compositions that range from -10 to -15o/oo with an average of 

approximately -12o/oo (Deines, 1980). CAM plants have l>13C compositions, that fall 

between C3 and C4 composition, but CAM plants generally make up a small fraction of 

the total biomass, so their carbon contribution is generally regarded as negligible 

(Cerling et al., 199lb). 
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4.2. Relationship between the ()13C composition of vegetation 
and photosynthesis 

The carbon isotopic composition of the three major plant groups differs, 

because each of the plant groups use a different photosynthetic pathway. C
3 

plants use 

the Calvin cycle of photosynthesis (Cerling and Hay, 1986). The Calvin cycle of 

photosynthesis allows the fixation of C02 in the form of three carbon acids. This is 

done by carboxylation of ribulose biphosphate (Figure 4.1; A). In C
3 

plants the 

carboxylating enzyme has preference for 12C over 13C. This results in the more 

negative b13C values observed in C3 plants (Farquhar et al., 1982). C4 plants use the 

Hatch-Slack cycle of photosynthesis (Cerling and Hay, 1986). In C4 plants, the 

carboxylating enzyme assimilates C02 in much the same way as C3 plants, but fixes 

carbon to a four carbon acid instead of a three carbon acid (Figure 4.1; B). In the case 

of C4 plants, the carboxylating enzyme does not discriminate against 13C. However, 

isotopic depletion does result in C4 plants by diffusion (Cerling et al., 1991a). 

The range in ()13C values of a given plant group is controlled by isotopic 

fractionation effects and diffusion (Cerling et al., 1991b). Cerling et al. (1991) 

discussed the two primary effects which give rise to the range in ()13C values for C3 

plants. First, C3 plants are poorly adapted to water stress conditions. As a result, C3 

plants growing under water stressed conditions will have b13C compositions, that are 

slightly enriched relative to the average (e.g., -22 to -26o/oo) (Farquhar et al., 1982, and 

Ehlinger, 1988). Secondly, C3 plants that grow under a closed canopy will have b13C 

compositions that are more depleted relative to the average (e.g. -28 to -35o/oo). This is 

because atmospheric C0
2 

in closed canopy environments is lower in b13C compared to 

open grassland environments. Atmospheric C02 under closed canopy conditions is 
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Figure 4.1. Diagrams showing the assimilation of C02 during (A) C3 photosynthesis 
and (B) C4 photosynthesis. From O'Leary (1988). 
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lower in 6
13
C because atmospheric C02 is diluted with soil C0

2
, which is depleted in 

13
C (Vogel, 1978; Medina and Minchin, 1980; van der Merwe and Medina, 1989). 

C4 plants do not have an extensive range in b13C compositions, because they are 

better adapted to water stress conditions than c3 plants, and because c4 plants do not 

grow under closed canopy conditions (Hattersley, 1982; Ehlinger et al., 1986). 

4.3. b13C of soil organic matter 

The isotopic composition of modem soil organic matter is generally the same as 

the b13C composition of local vegetation (Gob et al., 1977; O'Brien and Stout, 1978). 

Under steady state conditions, the 83C composition of soil organic matter and soil 

respired C02 should be equivalent (Davidson, 1995). This is important because the 

measured carbon isotopic composition of soil organic matter is used in paleoclimate 

modeling calculations. However, the root material of vegetation is often slightly richer 

in 13C than the rest of the plant. This may result in residual soil organic matter that is 

slightly enriched in 13C. In addition to isotopic enrichment of soil organics from root 

material, oxidation of residual soil carbon can result in 13C enrichment (Ladyman and 

Harkness, 1980; Becker-Heidmann and Scharpenseel, 1986). If the b13C composition 

of soil organic matter is enriched in 13C it could lead to an overestimation in the 

proportion of C4 to C3 vegetation that an ecosystem supported (Cerling et al., 1991b). 

4.4. Factors determining the isotopic composition of soil carbonate 

During the growing season, the carbon isotopic composition of vegetation 

determines the carbon isotopic composition of soil C02 and soil respired C02 • Soil C02 

is the gas occupying the pore spaces in a soil and has units of ppm V (Cerling et al., 

1991a). Soil respired C0
2 

is the flux of C02 gas due to microbial oxidation of organic 

matter and root respiration through a horizontal plane within a soil (Cerling, 1984). 
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Soil respired C02 has units of mmol/m2/hr (Cerling et al., 1991a). At any point within 

a soil, the carbon isotopic composition of soil C0
2 

differs from that of soil respired 

C02 (Cerling et al., 1991a). The carbon isotopic composition of soil C0
2 

changes with 

depth, whereas the carbon isotopic composition of soil respired C0
2 

remains constant 

(Cerling, 1984). In addition soil C02 is always isotopically enriched in 13C compared 

to soil respired C02 (Cerling et al., 1991a). Dorr and Mtinnich (1980) explained the 

enrichment in 13C of soil C02 compared to soil respired C0
2 

as a result of diffusion 

(Davidson, 1995). 

The diffusion coefficients for 12C02 and 13C02 differ by 4.4o/oo (Craig, 1953; 

Jost, 1960), where: 

D/2 f M(air) + M(12
C02) M(air) *(M13

C02) 1
112 

D}3 = l M(air) *M(12co2) + M(air)+ M(13C~) J -
1.0044. 4.1 

D( 12C02) and D( 13C02) are the approximate diffusion coefficients for 12C02 and 13C0
2

• 

M( 12C02), MC 3C02), and Mair are the atomic masses of 12C02, 
13C02 , and average air. 

The diffusion coefficients of 12C02 and 13C02 place a limit on the difference between 

the tPC compositions of soil C02 and soil respired C02 • Therefore, in a natural soil 

system where the mass transfer of C02 gas is diffusion-controlled and the isotopic 

composition of the atmosphere is enriched in 13C, the isotopic composition of soil C02 

is at least 4.4o/oo enriched in 13C compared to soil respired C02 (Cerling et al., 1991a). 

In most soils this endmember diffusion difference is greater than 4.4o/oo (Cerling et al., 

1991a). A diffusion difference greater than 4.4%o mostly likely results from the 

influence of atmospheric C02, which is enriched in 13C relative to soil C02• Soils with 

low respiration rates experience a greater influence of atmospheric C02 , by diffusional 
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mnong. Cerling et al. (1989) showed that atmospheric C0
2 

should not effect the 613C 

of soil carbonate below 50 em (Figure, 4.2). As seen in Figure 4.2, below 

approximately 50 em in depth, soil C02 6
13C is approximately constant regardless of 

the soil respiration rate. The influence of atmospheric C0
2 

will cause an increase in 13C 

in soil C02 , once again leading to the possible overestimation of the proportion of C4 to 

C3 vegetation that a soil supported (Cerling et al., 1989). 

Cerling ( 1984) mathematically advanced the work of DOrr and Mtinnich ( 1980) 

deriving an equation using the standard 6 notation to describe the isotopic composition 

of soil C02 (68
) within a soil system requiring knowledge of several soil parameters 

where: 

cp is the C0
2 

production rate, L = z at 0 em depth, (Ds *)and (05

8
) are the diffusion 

coefficients for bulk C02 and 13C02, (~)is 613C of soil respired C02 , (C0*) is the 

atmospheric concentration of C02 , and (6.) is the 613C of atmospheric C02• Cerling 

and Quade (1993) reported soil C02 and soil respired C02 6
13C compositions for three 

soils in North America. The data were plotted on a 613C vs. 1/C02 plot to show 

graphically the 4.4%o 13C enrichment in soil C02 relative to soil respired C02 , Figure 

4.3 ( Cerling and Quade, 1993). 

The above discussion concerning the relationship between soil C02 and soil 

respired C0
2 

is important, because it is thought that soil carbonates precipitate in 
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rates. b13C values were culculaled using equation 4.2. Below 50 em 
depth. the soil C01 b13C compositions are near constunl independent of 
soil respiration rates. From Cerling ( 1984). 
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isotopic equilibrium with soil C02• The chemical reaction for the precipitation of 

pedogenic carbonate in a soil system is: 

4.3 

The average flux of soil respired C02 from a grassland soil is on the order of 5 x 10-3 

mole cm-2 y-1 (Singh and Gupta, 1977; Schlesinger, 1977). Soil carbonates form at a 

rate of 1 x 10-6 to 1 x 10-5 mole cm-2 y-1 (Arklery, 1963; Gile et al., 1981). Since soil 

carbonates form at slower rates relative to the flux of soil respired C02, the carbon 

isotopic composition of soil carbonates is probably controlled by the carbon isotopic 

composition of a soil C02 reservoir (Cerling, 1984). 

If soil carbonates form in isotopic equilibrium with soil C02, then they are at 

least 4.4o/oo higher in ()13C than soil respired C02 • In addition to this 4.4o/oo diffusional 

enrichment, temperature dependent isotopic fractionation results in an increase of 13C in 

soil carbonates relative to soil respired C02 • At OOC soil carbonate is 12o/oo higher and 

at 25°C it is 9o/oo higher than the ()13C of coexisting organic matter (Romanek et al., 

1992). These temperatures were taken into consideration because they represent the 

general temperature range of soil carbonate formation. Taking into account diffusion 

and isotopic fractionation effects, which are additives, soil carbonates should be 16.5 to 

13.5o/oo higher in ()13C than soil respired C02 (Cerling and Quade, 1993). Figure 4.4 is 

a diagram present by Mora et al., (1993), which shows the steps of ()13C fractionation 

affecting carbonate formation in a soil system. 

Using Cerling's (1984) diffusion model it is possible to calculate the ()13C 

composition of soil C02 , as a function of C02 production, atmospheric C02 

concentration, the diffusion coefficients, soil depth, the ()13C of atmospheric and soil 
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respired C02, and the diffusion coefficients for bulk C0
2 

and 13C0
2

. By knowing the 

~
13

C of soil C02 , it is possible to determine the b13C composition of soil carbonates. 

Accuracy of the model can by checked by analyzing the isotopic composition of modem 

soil carbonate and calculating the ~13C of soil C0
2

• If there is a good agreement 

between measured ~13C composition of modem soil carbonates and modeled ~13C 

compositions of soil C02 , soil carbonate should have formed in isotopic equilibrium 

with soil C02 • 

Davidson (1995) expanded on the work of Cerling (1984) and derived a 

simplified equation, for calculating the ~13C composition of soil C0
2 

or soil respired 

C02, based upon the assumptions of Cerling. This equation is useful when studying 

paleosol carbonates, because it does not require the knowledge of as many soil 

parameters as equation 4.2. Shown below is Davidson's equation for calculating ~13C 

of soil C02 : 

c· 
{)s = 1.0044{)) + ca. ({)a - 1.00446j - 4.4) + 4.4. 

s 

4.4 

Equation 4.4 requires bulk atmosphere (Ca*) and soil (Cs *) C02 concentrations, as well 

as the ~13C of soil respired and atmospheric C02 . As previously stated, at steady state 

conditions, the ~13C of soil respired C02 will have the same ~13C value as the soil 

organic matter. The organic matter from a modem soil or paleosol can be easily 

collected and the ~13C composition measured and used in the calculations. The b13C of 

soil respired C02 can be calculated in the same manner by measuring the ~13C of soil 

C02 instead of the ~13C of soil respired C02 . 

Davidson (1995) also showed that the minimum theoretical difference between 

soil C02 and soil respired C02 could be less than 4.4o/oo, excluding fractionation 
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effects. Davidson expressed the difference, All, in the b13C composition of soil C0
2 

and 

soil respired C02 as: 

c· 
1:!,.6 = {J s - {J j ~ 0.00446) + ca. ( {J a - 1.0044{)} - 4.4) + 4.4. 

s 

4.5 

Equation 4.5 requires the b13C of soil respired C02 , b13C of the atmosphere, and bulk 

C02 concentrations for atmosphere and the soil system. Equation 4.5 is also useful for 

determining the total b13C difference between soil carbonate and its coexisting organic 

matter, including the difference caused by fractionation. The b13C difference between 

soil carbonate and its coexisting organic matter may be larger than 13.5 to 16.5o/oo. 

Cerling et al., (1989) showed that soil C02 is richer in 13C than soil respired C02 as 

result of fractionation (9.5 to 12.5o/oo) and diffusion (4.4o/oo). Using Davidson's (1995) 

model (equation 4.4) and taking in to account fractionation effects, it is possible to 

calculate a difference between the b13C of soil C02 and soil respired C02 greater than 

13.5 to 16.5o/oo. What makes this equation so useful is that, at steady state conditions, 

the b13C of soil respired C02 is equal to the b13C of soil organic matter. From paleosol 

carbonates it is not possible to directly measure the b13C of soil C02 or soil respired 

C02• However, soil carbonate and soil organic matter should retain a b13C 

composition, which is representative of soil conditions at the time of carbonate 

formation. 

4.5 b180 composition of precipitation 

The isotopic composition of precipitation is determined by temperature, altitude, 

and the condensation history of a contributing air mass. Temperature affects the 

isotopic composition of precipitation during evaporation and condensation. Water 
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evaporated from oceans will have a given l>180 composition as a result of isotopic 

fractionation, that is determined by the temperature of evaporation. Evaporated sea 

water contributes moisture to air masses, that eventually move inland. The b180 

composition of precipitation changes as an air mass moves inland (continental effect) 

and to higher elevations (altitude effect). Moisture condenses as an air mass moves 

inland to higher and cooler elevations. Condensation of water enriched in the heavy 

isotopes(~ 18
0) is more efficient than condensation of water with light isotopes 

(H2
16

0). Locally precipitation will be enriched in heavy isotopes and the contributing 

air mass correspondingly depleted. As an air mass continues inland, it becomes 

enriched in the light isotopes and produces precipitation progressively more enriched in 

the light isotopes (Dansgaard, 1964). 

Seasonal variations in temperature also effect the isotopic composition of 

precipitation. During the summer months, when temperatures are elevated, local 

precipitation will be more enriched in the heavy isotopes. In contrast, during cooler 

winter months precipitation will be more depleted in heavy isotopes (Dansgaard, 1964). 

4.6 b180 composition of precipitation of the Southern High Plains 

The isotopic composition of precipitation on the Southern High Plains is 

dependent upon temperature, altitude, and condensation history of air masses from the 

Gulf of Mexico and the Pacific ocean. The primary source of moisture for precipitation 

on the Southern High Plains is the Gulf of Mexico. However, Pacific air masses do 

provide a significant amount of moisture during the cooler winter months. Low and 

mid-level wind patterns control the movement of weather systems over the Southern 

High Plains (Scoggins et al., 1978). During the summer months, these low and mid

level wind patterns are from the south and southeast originating from the Gulf. In 

winter months, however, wind patterns have a more westerly origin. Precipitation 
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from Pacific air masses is more depleted in b180 compared to precipitation from Gulf air 

masses. This is due to the fact that air masses from the Gulf of Mexico travel shorter 

distances inland and stay at lower altitudes relative to Pacific weather systems (Nativ 

and Riggio, 1990). 

Nativ and Riggio (1990) reported isotopic compositions for precipitation on the 

Southern High Plains. From October of 1984 to November of 1985, Nativ and Riggio 

collected precipitation as weather systems moved across the Southern High Plains. 

Precipitation was collected at five continental stations located on or near the Southern 

High Plains. For their study period, Nativ and Riggio reported an annual precipitation 

of 17.66 inches (450 em). They observed that two-thirds of precipitation events 

occurred between the months of May and August. May and June were the wettest 

months averaging 2.57 and 2.70 inches (65 and 69 mm) of precipitation. January and 

December were the driest months with only .47 and .53 inches ( 12 and 23mm) of 

precipitation. One aspect of Nativ and Riggio's study involved isotopic analysis of 

meteoric waters collected during the precipitation events. Nativ and Riggio measured 

maximum summer b180 values of +4.9o/oo and minimum winter values of 

-2.1o/oo. The mean annual weighted meteoric water b180 composition reported by Nativ 

and Riggio was -7.5o/oo, for the Southern High Plains (Nativ and Riggio, 1990). 

4. 7 b180 of pedogenic carbonate 

Soil carbonates form in isotopic equilibrium with soil moisture, and the soil 

moisture b180 is dependent upon the b180 composition of infiltrating precipitation. 

The b180 composition of soil carbonates will reflect the b180 composition of local 

meteoric waters, if soil carbonates develop under proper conditions (Salomons et al., 

1978). Ultimately the soil carbonate b180 is determined by the mechanism of carbonate 

precipitation. Three mechanisms which affect the oxygen isotopic composition of soil 
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carbonates are: col degassing and evapotranspiration, the increase of 8 80 in soil 

moisture, and C01 partial pressure (Rossinsky and Swart, 1993). 

Two mechanism of carbonate precipitation that do not result in isotopic 

fractionation between soil moisture and carbonate are C0
1 

degassing and 

evapotranspiration. During carbonate precipitation, degassing of C0
1 

occurs by 

molecular diffusion and the C01 will readily equilibrate with soil waters compared to 

the rate of carbonate formation, not resulting in fractionation. Plants acquire large 

quantities of water relative to the volume of the root veins, therefore the water b180 is 

not affected by diffusional fractionation (Salomons and Mook, 1986). Since C01 

degassing and evapotranspiration do not result in isotopic fractionation, soil carbonates 

precipitating as a result of one or both of these mechanisms, should retain an oxygen 

isotopic composition mirroring that of past or present meteoric waters (Rossinsky and 

Swart, 1993). 

In arid regions, soil moisture b180 can be richer in 180 relative to the mean 

annual b180 composition of precipitation (Quade et al., 1989b; Amundson et al., 1989). 

Isotopic enrichment of soil moisture may result from differential infiltration of waters 

with distinct b180 compositions or more commonly direct evaporation of soil water. 

Soil carbonates that develop by evaporation will precipitate from 180 enriched fluids. 

Based on these observations it is possible that some soil carbonates form in isotopic 

equilibrium with soil waters, which are enriched in heavy isotopes C80, D) relative to 

local meteoric waters (Cerling and Quade, 1993). 

Soil carbonates also precipitate because of changes in C01 partial pressure. 

Auctuations in the C0
1 

partial pressure can influence the precipitation of soil carbonate 

during winter months and at night. During the winter and at night, plant respiration 

rates and temperatures are at their lowest. Because of the low plant respiration rates 

and low temperatures, soil carbonates will inherit 880 compositions influenced 
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primarily by the atmosphere and temperature instead of mean annual precipitation 

(Rossinsky and Swart, 1993). 

4. 7.1 Supporting research 

Researchers have studied the relationship between the l>180 composition of 

meteoric water and soil carbonate. Salomons et al. ( 1978) calculated the l>180 

composition for soil carbonates using estimated l>180 compositions for modem meteoric 

waters. The calculated l>180 carbonate values were expected to equal measured l>180 

carbonate values. However, poor agreement was found in their data and Salomons et 

al. ( 1978) concluded the difference was a result of carbonate formation from multiple 

mechanisms. Cerling ( 1984) supported the idea of Salomons et al. ( 1978) that the 8 80 

compositions of soil carbonates is dependent upon the l>180 composition of 

precipitation, but Cerling's interpretation of their results was different. Cerling ( 1984) 

attributed the difference between the measured and calculated l>180 values to the fact that 

the soil carbonates Salomons et al. ( 1978) studied formed over much of the past million 

years and possibly under different climatic conditions compared to those of today. 

Therefore, using l>180 values for modem meteoric waters in the calculations would 

result in l>180 carbonate values that did not agree with measured values. Cerling 

concluded that using l>180 values of modem precipitation was not applicable in this case 

because the soil carbonates formed in equilibrium with waters of an isotopic 

composition differing from modem compositions (Cerling, 1984). 

Cerling ( 1984) reported measured l>180 compositions for modem soil carbonates 

and estimated l)180 compositions for meteoric waters from Africa, Europe, and North 

America (Figure 4.5). These data were reported to support the observation that the l>180 

composition of meteoric waters is in isotopic equilibrium with the l>180 composition 
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Figure 4.5. Oxygen isotopic composition of modem soil carbonates from Africa, 
North A1nericu, and Europe plotted against the estimated oxygen isotopic 
composition of local precipitation for each locality. From Cerling ( 1984). 
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of modem soil carbonates. Cerling 's ( 1984) data show a good correlation between the 

b
18

0 values of modem soil carbonates and local meteoric waters. 

If the measured b180 composition of paleosol carbonates is representative of the 

b
18

0 composition at the time of carbonate formation, and not an episode of diagenesis, 

paleosol carbonates should provide an accurate record of past meteoric water 

compositions (Cerling, 1984). The caliches in the Blackwater Draw Formation cover a 

time span of approximately 1.6 Ma. Therefore, the Blackwater Draw Formation caliche 

horizons may provide an isotopic record of meteoric water compositions on the 

Southern High Plains for the past 1.6 Ma. 

4.8 Relationship between pedogenic carbonate b180 
and b13C compositions 

Cerling( 1984) stated that a correlation should exist between the b180 and b13C 

compositions of soil carbonate. This coupling occurs with respect to two observations. 

First, the fraction of C4 vegetation is well correlated with night time temperatures. In 

regions with high night-time temperatures the b13C composition of soil C02 will be 

higher. Secondly, the oxygen isotopic composition of precipitation in regions receiving 

less than 100 em of precipitation annually is well correlated with mean annual 

temperature. Therefore, the oxygen isotopic compositions of soil carbonates, that form 

in regions which receives less than 100 em of precipitation, should give some idea as to 

the possible range of mean annual temperatures for a region. Generally the night-time 

temperature during the growing season and mean annual temperature are well 

correlated, except for regions influenced by marine conditions (Cerling, 1984). 

Cerling ( 1984) developed a general model showing the relationship between the 

isotopic composition of water and carbonate as a function of temperature (Figure 4.6, 

top graph) and the isotopic composition of soil carbonates developed on grasslands 

under different climatic settings (Figure 4.6, bottom graph). Field A represents the 
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isotopic composition of normal continental soil carbonates. Field A is bounded by a 

0% to 30% admixture line representing the influence of an atmospheric C02 

component. Fields B, C, and D represent soil carbonates, that form under coastal, 

monsoonal, and periglacial climates. 
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5.1 Introduction 

CHAPfERV 

RESULTS AND DISCUSSION 

Caliche horizons in the Blackwater Draw Formation and lacustrine limestone in 

the upper Blanco Formation were analyzed for their 13C/12C and 180'160 isotopic ratios 

to quantitatively determine the paleoclimate of the Southern High Plains for 

approximately the past 1.6 Ma. All of the isotopic analyses are reported in Table 5.1. 

5.1.1 f}
13C Results and Discussion 

Paleosol carbonates from the Blackwater Draw Formation have f}13C 

compositions ranging from 0.76%o in the BCA-A horizon, at the top of the Blanco 

Canyon section, to -4.27%o in the lowest caliche (BCA-D) horizon (see Figure 2.2). 

The coexisting organic matter records f}13C compositions ranging from -15.10o/oo in 

BCA-A to -25.11o/oo in BCA-D. f}
13C values for pedogenic carbonate and its coexisting 

organic matter are reported in Table 5.2 and plotted as f}13C versus depth (em) in Figure 

5.1. The f}13C values of Figure 5.1 show a gradual, but noticeable increase in the f}13C 

values for both the carbonate and the organic matter, up through the section. The 

increase in f}13C suggests that the fraction of vegetation using the C4 photosynthetic 

pathway has gradually increased on the Southern High Plains over the past 

approximately 1.6 Ma Cerling (1984) presented a model for estimating the fraction of 

C
4 

flora (Figure 5.2) from the f}13C of soil carbonate for a varied atmospheric 

component. 
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Table 5.1. Carbon and oxygen isotopic analysis for the Blackwater Draw 
Formation caliche horizons in Blanco Canyon. 

Sample ()13c 
PDB ()13c PDB ()IBQ PDB ()IBQ SMOW 

I. D. Carbonate Organics Carbonate Carbonate 

BCA A-10 0.73 -15.10 -4.42 26.30 
BCAA-20 0.24 -18.41 -4.32 26.41 
BCA A-30 -0.07 -17.32 -4.40 26.32 
BCA A-40 0.76 -15.73 -4.29 26.44 
BCAA-50 -18.13 
BCA A-60 -1.81 -21.70 -4.60 26.12 
BCA A-70 -0.72 -19.00 -4.24 26.49 
BCA A-80 -0.78 -19.18 -4.21 26.53 

BCA B-10 -1.35 -22.54 -2.70 26.10 

BCA B-20 -1.01 -21.82 -4.61 26.10 

BCA B-30 -1.11 -16.40 -4.44 26.28 

BCA B-40 -1.46 -21.46 -4.72 26.00 

BCA B-50 -1.46 -21.10 -4.65 26.06 

BCA B-60 -1.50 -22.21 -4.47 26.25 

BCA B-70 -1.51 -21.73 -4.31 26.42 

BCA B-80 -1.59 -21.60 -4.39 26.33 

BCA B-90 -1.69 -23.07 -4.37 26.35 

BCA B-100 -2.52 -22.50 -5.14 25.56 

BCA B-110 -2.21 -21.55 -4.79 25.93 

BCA B-120 -2.09 -21.48 -4.80 25.91 

BCA B-130 -2.22 -23.61 -4.99 25.72 

BCA B-140 -2.67 -5.14 25.56 

BCA B-150 -3.12 -22.32 -5.34 25.36 

BCA B-160 -4.24 -22.21 -5.48 25.21 

BCA C-10 -1.98 -21.14 -4.40 26.33 

BCA C-20 -3.60 -21.27 -5.48 25.21 

BCA C-30 -3.63 -20.65 -5.55 25.13 

BCA C-40 -3.75 -22.15 -5.28 25.41 

BCA C-50 -4.00 -21.51 -1.99 28.80 
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Table 5.1. continued. 

Sample l)l3C PDB l)l3c PDB l)lll() PDB l)IIIQ SMOW 

I. D. Carbonate Organics Carbonate Carbonate 

BCA D-10 -3.55 -21.67 -5.13 '25.57 
BCA D-20 -3.75 -24.22 -5.08 25.63 
BCA D-30 -3.64 -21.14 -5.50 25.19 
BCA D-40 -4.27 -23.38 -5.10 25.61 
BCA D-50 -3.91 -22.09 -5.11 25.59 
BCA D-60 -4.20 -23.00 -4.90 25.81 
BCA D-70 -3.05 -20.41 -4.51 26.21 
BCA D-80 -3.16 -22.38 -5.13 25.57 
BCA D-90 -3.87 -23.47 -5.00 25.71 
BCA D-100 -3.86 -21.67 -4.99 25.72 
BCA D-110 -4.06 -25.11 -4.68 26.04 
BCA D-120 -4.10 -23.14 -4.29 26.44 
BCA D-130 -4.01 -4.75 25.96 

BCA Blanco -1.76 -21.34 -1.67 29.13 
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Table 5.2. Measured l)13Croo values for pedogenic carbonate, coexisting organic 
matter, and the l)13Croo difference between soil organic and soil 
carbonate. 

Depth (em) Sample I.D. l)l3c 
PDB l)I3C PDB A( b13C -b13C cJ carboaa&e orpm 

Carbonate Organics 

10 BCA A-10 0.73 -15.10 15.83 

20 BCA A-20 0.24 -18.41 18.65 

30 BCA A-30 -0.07 -17.32 17.25 

40 BCA A-40 0.76 -15.73 16.49 

50 BCA A-50 -18.13 

60 BCA A-60 -1.81 -21.70 19.89 

70 BCA A-70 -0.72 -19.00 18.28 

80 BCA A-80 -0.78 -19.18 18.40 

Average -0.23 -18.07 17.83 

Standard Deviation 0.93 2.08 1.39 

110 BCA B-10 -1.35 -22.54 21.19 

120 BCA B-20 -1.01 -21.82 20.81 

130 BCA B-30 -1.11 -16.40 15.29 

140 BCA B-40 -1.46 -21.46 20.00 

150 BCA B-50 -1.46 -21.10 19.64 

160 BCA B-60 -1.50 -22.21 20.71 

170 BCA B-70 -1.51 -21.73 20.23 

180 BCA B-80 -1.59 -21.60 20.01 

190 BCA B-90 -1.69 -23.07 21.38 

200 BCA B-100 -2.52 -22.50 19.98 

210 BCA B-110 -2.21 -21.55 19.34 

220 BCA B-120 -2.09 -21.48 19.39 

230 BCA B-130 -2.22 -23.61 21.39 

240 BCA B-140 

250 BCA B-150 -3.12 -22.32 19.20 

260 BCA B-160 -4.24 -22.21 17.97 

Average -1.94 -21.71 19.77 

Standard Deviation 0.85 1.61 1.55 
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Table 5.2. continued. 

Depth (em) Sample I.D. l)l3C PDB l)l3C PDB A( b13Carboca~e -b13Corpmcs) 

Carbonate Organics 

310 BCA C-10 -1.98 -21.14 19.16 

320 BCA C-20 -3.60 -21.27 17.67 

330 BCA C-30 -3.63 -20.65 17.02 

340 BCA C-40 -3.75 -22.15 18.40 

3.50 BCA C-.50 -4.00 -21.51 17.51 

Average -3.39 -21.34 17.95 

Standard Deviation 0.81 0.55 0.84 

410 BCA D-10 -3.55 -21.67 18.13 

420 BCA D-20 -3.75 -24.22 20.46 

430 BCA D-30 -3.64 -21.14 17.50 

440 BCA D-40 -4.27 -23.38 19.11 

4.50 BCA D-.50 -3.91 -22.09 18.19 

460 BCA D-60 -4.20 -23.00 18.80 

470 BCA D-70 -3.05 -20.41 17.35 

480 BCA D-80 -3.16 -22.38 19.22 

490 BCA D-90 -3.87 -23.47 19.60 

.500 BCA D-100 -3.86 -21.67 17.82 

510 BCAD-110 -4.06 -25.11 21.06 

520 BCA D-120 -4.10 -23.14 19.03 

530 BCA D-130 -4.01 

Average -3.80 -22.64 18.86 

Standard Deviation 0.37 1.34 1.14 

540 BCA Blanco -1.76 -21.34 19.58 

44 



Figure 5.1. Carbonate and organic f1' 3C compositions for the Blackwater Draw 
Formation caliche horizons and the upper Blanco Fonnation limestone 
plotted against depth (em). 
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Figure 5.2. Estimation of the fraction of C4 nora on the Southern High Plains for four 
caliche horizons in the Blackwater Draw Formation at the Blanco Canyon 
kx;ality. Estimations are dependent upon the carbonate b13C values for the 
Blackwater Draw Formation caliches and an estimate of the percent 
atmospheric component. 
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This approach can be used to estimate the fraction of C flora that mav ha\'e 
4 ' ; 

occurred on the Southern High Plains under the influence of differing atmospheric C0
2 

percentages. The mean carbonate l)13C composition was calculated for horizons 

BCA-A through BCA-D and plotted against an atmospheric component of 0,10, and 

30% (Figure 5.2). Atmospheric components of 0, 10, and 30% were considered 

because of the uncertainty of the actual soil conditions at the time of carbonate 

formation. The estimated fractions of C4 vegetation for caliches at Blanco Canyon are 

reported in Table 5.3. The actual percent atmospheric component at the time of 

carbonate formation is unknown. However, modem caliche horizons on the High 

Plains are typically found at greater than 50 em depth in the soil profile. Assuming that 

the buried caliche profiles represent similar soils, then it is likely that the atmospheric 

component involved in caliche precipitation was minimal (i.e., close to 0). However, 

owing to this uncertainty, the data indicate that an estimation of the fraction of C4 flora 

can be off by=- 13% for BCA-A and up to 25% for BCA-C and BCA-D. Soil 

carbonates which form under a low atmospheric C02 influence and high soil respiration 

rates, best reflect the proportion of vegetation using the C4 photosynthetic pathway. 

Below, I discuss why a low atmospheric component percentage cannot be assumed 

while determining the fraction of C4 flora for the Blackwater Draw Formation 

paleosols. 

According to Cerling ( 1984), soil carbonate which forms in isotopic equilibrium 

with soil C0
2 

should be higher in 13C by 13.5 to 16.5o/oo, than coexisting organic 

matter. The ~13C difference between soil carbonate and organic matter from the 

Blackwater Draw Fonnation caliches are reported in Table 5.2 along with the mean 

l)13C difference. The Blackwater Draw Fonnation carbonate and organic samples differ 

in l) 13C by 17.8 to 19.8, which is significantly greater than suggested by Cerling et al. 

(1989). 
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Table 5.3. Estimated fraction of C4 flora for the Blackwater Draw Formation 
paleosols. 

%atmospheric component 
Caliche horizon 0 10 30 

I. D. Fraction of C4 vegetation (%) 

BCA-A 83 80 70 
BCA-B 72 68 54 
BCA-C 61 54 36 
BCA-D 59 51 34 
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fi
13

C values obtained by Cerling and Quade (1993) for pedogenic carbonate and 

soil organic matter from modem soils in Africa, Asia, Australia, Europe, North 

America, and south America, are shown in Figure 5.3. The majority of the samples fall 

between two lines representing a 0 to 35°C temperature range. The temperature lines 

bound the range of carbonate and organic b13C values which occur within a soil under 

these temperature conditions. Each point consists of a carbonate and an organic b13C 

value with a difference between the two values of 13.5 to 16.5. This difference takes 

into account temperature-dependent fractionation where 1000lna = 8.97 (at 35°C) and 

12.4 (at OoC) and the 4.4%o attributed to diffusion. A similar plot was constructed for 

the Blackwater Draw Formation caliche samples, but with a temperature range of 0 to 

25°C (Figure 5.4). Only 3 caliche samples, from the Blackwater Draw Formation, fall 

within the 0 to 25oC temperature range, while the remainder of the values plot at 

temperatures below OOC (Figure 5.4). The position of each point is attributed to the 

greater than 13.5 to 16.5 b13C difference between soil organics and soil carbonate. 

According to simple interpretation of Cerling's model, the Blackwater Draw Formation 

caliches formed under subzero temperature conditions. Two explanations are offered 

here to explain the anomalous b13C difference between carbonate and organic matter. 

First, it is possible that the carbonate has been reset diagenetically to more positive b13C 

values, or the organic matter has been shifted to more negative values, or of course 

possibly both events have occurred. Oxidation of organic matter results in an increase 

in the organics fi13C, which would plot above the 25°C boundary (Ladyman and 

Harkness, 1980; Becker-Heidmann and Scharpenseel, 1986). Therefore, it seems 

unlikely that the organics have been altered by oxidation. It is difficult to determine 

whether or not the soil carbonates have undergone diagenesis. The fi13C carbonate 

values may have been shifted to more positive values, but the possible reasons for this 

are unknown. The majority of the samples for an individual caliche horizon have b
13

C 
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values which are very similar and fonn linear vertical trends in Figure 5.4. If the 

caliche zones in the Blackwater Draw Fonnation were isotopically reset, it would seem 

more likely that each of the horizons should have been reset to similar b13C values and 

thus fall along a single trend. A second possible explanation of the anomalous values is 

that each of the caliches fonned under soil conditions which produced the greater than 

13.5 to 16.5 difference between b13C organic and carbonate but under a higher 

atmospheric component. 

Assuming the absence of diagenesis, and the existence of equilibrium 

conditions between soil C02 and soil carbonate, and soil respired C0
2 

and residual 

organic matter, the total b13C difference between soil carbonate and soil organic matter 

was determined using the fractionation equation of Deines et al. ( 1974) and equation 

4.5 from Davidson (1995). First, the effects of temperature-dependent isotopic 

fractionation are considered. As Deines et al. showed, the carbon isotopic fractionation 

factor between calcite and C02 is: 

( 10
6

) 
lOOOina = 1.19l / -3.6. 5.1 

By varying the temperature (T), it is possible to calculate different fractionation factors 

(a). Because soil temperatures are unknown in the case of paleosol caliches, for the 

time of carbonate formation, a broad range of temperatures was used to calculate 

different fractionation factors. Fractionation factors were detennined for 5, 10, 12, 14, 

16, and 18°C and these values are reported in Table 5.4. Next, equation 4.5 was used 

to calculate A6, which is the b13C difference between soil C02 and soil respired C02 

resulting from diffusion effects and the {)13C of soil respired C02 • In equation 4.5, a 

value of 0.03% was used for the atmospheric C0
2 

concentration, 
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Table 5.4. Modeled A(~13Cc:arbom~e-~13Corpuic) as a function of soil C02 

concentrations, temperature dependent fractionation, 

Caliche 
Horizon 

BCA-A 
BCA-B 
BCA-C 
BCA-D 

5.00 

11.8508 

17.83 
19.76 
17.95 
18.87 

and A,. Calculated values were modeled to match measured 

values in attempt to determine soil conditions at the time 
of carbonate formation. 

Measured 
l)l3Corganic 

-18.07 
-21.71 
-21.34 
-22.64 

10.00 

C* a 

C*A s 

C*B s 

C*C I 

C*D s 

0.03 

0.140 
0.095 
0.185 
0.136 

Temperatue in oc 

12.00 14.00 

5.98 
7.91 
6.10 
7.02 

16.00 

Fractionation factors as a function of temperature 

11.3062 11.0964 10.8910 10.6899 

Calculated ~(~13Cc:arbonate-b13Corganic) 

17.29 17.08 16.87 16.67 

19.21 19.00 18.80 18.60 

17.40 17.19 16.99 16.79 

18.33 18.12 17.91 17.71 
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17.83 
19.77 
17.95 
18.86 

18.00 

10.4929 

16.47 
18.40 
16.59 
17.52 



~a= -fffoo for the pre-industrial atmosphere, and the average organic matter ~13C 

composition was used in place of soil respired C02 ~
13C. A6 values for each horizon 

are reported in Table 5.4 (see Appendix). Once the fractionation factors (a) and A6 

values were determined they were added together to give the total difference between 

~13C of soil carbonate and soil respired C02 (A~
13C bona -~13C . ), for a specific car te orgamc 

temperature. The percent soil C02 concentration (Cs *), in equation 4.5, was varied 

until the additives equaled the ~13C mean difference measured between soil carbonate 

and organic matter for each caliche zone (Table 5.4). The mean ~13C difference 

between organic to carbonate was modeled for each caliche zone for a thirteen degree 

temperature range. For this temperature range, there was a small change in the soil C02 

concentration in each caliche zone. For example, the calculations for the BCA-A 

horizon yielded soil C02 concentrations of 0.14% at SOC and 0.077% at 18°C. Both of 

these values are in the low range of naturally occurring soil C02 concentrations with a 

maximum of 3.5o/o and minimum of 0.035o/o (Davidson, 1995). Soil C02 

concentrations of 0.14% and O.CJ77% result in A6 values of 5.98o/oo and 7.34o/oo, both of 

which are significantly higher than the theoretically expected value of 4.4o/oo. To 

calculate a A6 of 4.4o/oo, for the given temperature range and measured ~13Corganic values, 

would require a soil C02 concentration of 2.8%. Because of the A6 values greater than 

4.4o/oo and low calculated soil C02 concentrations, it is possible that the caliches in the 

Blackwater Draw Formation formed under low soil C02 concentrations and low soil 

respiration rates possibly allowing for a higher influence of atmospheric C02" Low 

soil C02 concentrations and low respiration rates may be attributed to sparse vegetation 

and or to soil properties such as high porosity and permeability. 

Wood and Petraitis ( 1984) reported soil C02 concentrations for a modem soil 

developed on the surface of the Blackwater Draw Formation, in Swisher County. Soil 
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C02 concentrations were measured for a year and three months at depths of 0.6, 6.1, 

12.2, 24.4, and 36.6 meters. Soil C02 concentrations gradually increased with depth, 

but for this study the only depth of interest was a depth of 0.6m. A depth of 0.6m was 

of interest, because it lies within the depth of carbonate formation in the modem soil 

and the measured C02 concentrations at 6.1m were too deep, and not significantly 

different. The soil C02 concentrations Wood and Petraitis reported for 0.6m were 

between 0.05 and 0.33%, with a mean of 0.125% (see Wood and Petraitis, 1984; 

Table la). The soil C02 concentrations they reported are similar to the soil C02 

concentrations that were modeled with equation 4.5, for the paleosol carbonates in the 

Blackwater Draw Formation. Because of the similarities in measured soil C02 

concentrations of modem soils and modeled soil C02 concentrations for the paleosols, 

it is possible that soil conditions such as C02 concentration, respiration rates, 

temperature, porosity and permeability were not significantly different during the 

development of each of the Blackwater Draw Formation caliche horizons. 

5.1.2 ~180 Results and Discussion 

Paleosol carbonates from the Blackwater Draw Formation have ~18(\08 

compositions ranging from as high as -4.21o/oo in the upper BCA-A caliche horizon to 

-5.50o/oo in the lowest BCA-D horizon. ~180 compositions, for the Blackwater Draw 

Formation caliches, are reported in Table 5.5 along with the average ~180 composition 

and standard deviation for each horizon. ~180 values are plotted for each sample 

against their depth in the section in Figure 5.5. There is an increase in carbonate ~180 

values with increasing depth until the lowest portion of the BCA-D horizon, where the 

values slightly increase. These changes in ~180 values may reflect changes in the ~180 

composition of precipitation for the past~ 1.6 Ma. 
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Table 5.5. Measured carbonate b1S0ros values and calculated paleometeoric 
water b180sMow compositions. 

Sample I.D. {)
111() SMOW {)

111() PDB soc lO"C 120C 140C 160C 18"C 
Carbonate Carbonate a 1.0331 1.0318 1.0313 1.0308 1.0303 1.0298 

BCA A-lOR 26.30 -4.42 -5.72 -4.50 -4.03 -3.57 -3.12 -2.68 

BCAA-20R 26.41 -4.32 -5.61 -4.39 -3.92 -3.46 -3.01 -2.57 

BCAA-30R 26.32 -4.40 -5.69 -4.48 -4.01 -3.55 -3.10 -2.65 

BCAA-40R 26.44 -4.29 -5.58 -4.36 -3.89 -3.43 -2.98 -2.54 

BCAA-SOR 

BCAA-60R 26.12 -4.60 -5.90 -4.68 -4.21 -3.75 -3.30 -2.86 

BCAA-70R 26.49 -4.24 -5.53 -4.31 -3.84 -3.38 -2.93 -2.48 

BCAA-80R 26.53 -4.20 -5.49 -4.27 -3.80 -3.34 -2.89 -2.45 

BCA B-lOR 26.10 -4.62 -5.92 -4.70 -4.23 -3.77 -3.32 -2.88 

BCA B-20R 26.10 -4.61 -5.91 -4.70 -4.23 -3.77 -3.32 -2.87 

BCA B-30R 26.29 -4.44 -5.73 -4.52 -4.05 -3.59 -3.13 -2.69 

BCA B-40R 26.00 -4.72 -6.02 -4.80 -4.33 -3.87 -3.42 -2.98 

BCA B-SOR 26.07 -4.65 -5.95 -4.74 -4.27 -3.81 -3.35 -2.91 

BCA B-60R 26.26 -4.47 -5.76 -4.55 -4.08 -3.62 -3.16 -2.72 

BCAB-70R 26.42 -4.31 -5.60 -4.38 -3.91 -3.45 -3.00 -2.56 

BCAB-80R 26.33 -4.39 -5.69 -4.47 -4.00 -3.54 -3.09 -2.65 

BCAB-90R 26.35 -4.37 -5.67 -4.45 -3.98 -3.52 -3.07 -2.63 

BCA B-lOOR 25.56 -5.14 -6.46 -5.24 -4.77 -4.31 -3.86 -3.42 

BCA B-llOR 25.93 -4.79 -6.09 -4.87 -4.40 -3.94 -3.49 -3.05 

BCA B-120R 25.91 -4.80 -6.11 -4.89 -4.42 -3.96 -3.51 -3.07 

BCA B-130R 25.72 -4.99 -6.30 -5.08 -4.61 -4.15 -3.70 -3.26 

BCA B-140R 25.56 -5.14 -6.46 -5.24 -4.77 -4.31 -3.86 -3.42 

BCA B-l.SOR 25.36 -5.34 -6.66 -5.44 -4.97 -4.51 -4.06 -3.62 

BCA B-160R 25.21 -5.48 -6.81 -5.59 -5.12 -4.66 -4.21 -3.77 

BCA C-lOR 26.33 -4.40 -5.69 -4.47 -4.00 -3.54 -3.09 -2.65 

BCAC-20R 25.21 -5.48 -6.81 -5.59 -5.12 -4.66 -4.21 -3.77 

BCAC-30R 25.13 -5.56 -6.89 -5.67 -5.20 -4.74 -4.29 -3.85 

BCAC-40R 25.41 -5.28 -6.60 -5.39 -4.92 -4.46 -4.01 -3.56 

BCAC-SOR 28.81 -1.99 -3.21 -2.00 -1.53 -1.07 -0.61 -0.17 

BCA D-lOR 25.57 -5.13 -6.45 -5.23 -4.76 -4.30 -3.85 -3.41 

BCA D-20R 25.63 -5.08 -6.39 -5.17 -4.70 -4.24 -3.79 -3.35 

BCA D-30R 25.19 -5.50 -6.83 -5.61 -5.14 -4.68 -4.23 -3.79 

BCA D-40R 25.61 -5.10 -6.41 -5.19 -4.72 -4.26 -3.81 -337 

BCA D-SOR 25.60 -5.11 -6.42 -5.21 -4.74 -4.28 -3.82 -3.38 

BCA D-60R 25.81 -4.90 -6.21 -5.00 -4.53 -4.07 -3.61 -3.17 
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Table 5.5. continued. 

1<Y'C 120C 140C 160C }gee 

Carbonate Carbonate a 1.0331 1.0318 1.0313 1.0308 1.0303 1.0298 

BCAD-70R 26.21 -4.51 -5.81 -4.59 -4.12 -3.66 -3.21 -2.77 

BCAD-80R 25.57 -5.13 -6.45 -5.23 -4.76 -4.30 -3.85 -3.41 

BCAD-90R 25.71 -5.00 -6.31 -5.09 -4.62 -4.16 -3.71 -3.27 

BCA D-100R 25.72 -4.99 -6.30 -5.08 -4.61 -4.15 -3.70 -3.26 

BCA D-110R 26.04 -4.68 -5.98 -4.76 -4.29 -3.83 -3.38 -2.94 

BCA D-120R 26.44 -4.29 -5.58 -4.36 -3.89 -3.43 -2.98 -2.54 

BCA D-130R 25.96 -4.75 -6.06 -4.84 -4.37 -3.91 -3.46 -3.02 

BCA Blanco 29.13 -1.68 -2.89 -1.67 -1.20 -0.74 -0.29 0.16 
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Figure 5.5. Carbonate l>180 values plotted against depth, from the Blackwater Draw 
Formation caliche horizons and upper Blanco Formation Limestone. 
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Three data points on Figure 5.5 do not fall on the general trend. These three 

points are BCA-BlO, BCA-C.SO, and BCA-Blanco. A possible explanation for these 

deviant values is given below. BCA-Blanco is a carbonate sample of lacustrine (not 

pedogenic) limestone from the upper Blanco Formation. This lithology was analyzed 

for its 13C/12C and 180'160 ratios to determine if the isotopic composition was the same 

as the Blackwater Draw Formation caliches. The Blanco Formation limestone has been 

interpreted as a fresh water limestone formed in an evaporative setting. Evaporation 

results in an increase in the fluid b180 composition, as the lighter water molecules 

(~ 160) are preferentially removed. The Blanco Formation Limestone should have b180 

values that are higher than the Blackwater Draw Formation caliches, unless the caliches 

formed from fluids higher in b180 as a result of soil moisture evaporation. All of the 

caliche samples have lower b180 values except for BCA-BlO and BCA-C.SO, which 

have b180 values similar to BCA-Blanco. At the outcrop and in hand samples, clasts of 

lacustrine limestone from the Blanco Formation are evident within the Blackwater Draw 

Formation. It is possible that a Blanco Formation limestone clast was incorporated 

within the BCA-B 10 and BCA-C.SO samples and was inadvertently collected within the 

ground material during sample preparation. A sample containing carbonate from both 

the Blackwater Draw Formation caliches and the Blanco Formation Limestone would 

have an b180 composition reflecting both components with a value falling between the 

two endmembers. It is likely that samples BCA-BlO and BCA-C50 have b180 values 

which result from the incorporation of Blanco Formation limestone clasts within the 

Blackwater Draw caliches. 

5.2 Estimated paleometeoric b180 values 

The overall trend in b180 values indicate relatively constant carbonate and 

meteoric water b180 composition for approximately the past 1.6 Ma. This is similar to 
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the observation of Cerling and Hay ( 1986) for paleosol carbonates from Olduvai Gorge 

in East Africa (Figure 5.6). From about 0.4 to 1.1 Ma, Cerling and Hay measured 

very little change in paleosol carbonate b180. Because the carbonate b180 composition 

is related to the b180 of local precipitation, which is in turn a temperature dependent 

relationship, the data suggest that paleometeoric water b180 compositions for the 

Southern High Plains have been relatively constant for the past= 1.6 Ma. A range of 

b18
0 values were calculated for paleometeoric waters needed to produce the measured 

b180 values for the Blackwater Draw Formation paleosol carbonates, under various 

temperature conditions. This was done by using the measured carbonate b180 values 

and assuming a range of paleotemperatures. A range of temperatures was used in the 

calculations because the exact temperature of fractionation, at the time of carbonate 

formation, is unknown. For these calculations it is assumed that soil carbonates 

formed in equilibrium with soil moisture having the same b180 composition as local 

meteoric water. To calculate the oxygen isotopic composition of paleometeoric waters, 

it was necessary to assign oxygen isotope fractionation factors, for each assumed 

temperature. Oxygen isotope fractionation factors were obtained from the fractionation 

equation of O'Neil et al., ( 1969): 

( 
106

, 

1000lna = 2.78 T2 ) -3.39 

and the range of paleometeoric water oxygen isotopic compositions were calculated 

using: 
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~•sa 
U calcile + 1 ()()() 

a = ---===----[J•sa + 1000 
H 20 

5.3 

and solving for 6
1
s0H20 • The oxygen isotopic fractionation factors and the 6 1

s0H
2
o 

values are reported in Table 5.5. The possible range of paleometoeric water ~·so 

values are shown graphically in Figure 5.7. A temperature range of thirteen degrees 

Celsius was used in the calculations. A change of 13°C affected the precipitation b180 

by approximately 3.0o/oo. 

Nativ and Riggio ( 1990) reported a mean annual b1s0 composition for modem 

precipitation on the Southern High Plains, of -7.5o/oo and a value of -6.6o/oo for 

Lubbock. The Lubbock data are applicable to this study, because the Lubbock 

sampling station is closest to the study area. Assuming that the Blackwater Draw 

Formation caliches formed in isotopic equilibrium with soil waters and that soil waters 

reflect the b1s0 composition of local precipitation, paleometeoric waters of the Southern 

High Plains were richer in •so than modem precipitation. Even for temperatures as low 

as 5°C, the calculated precipitation b180 is higher than modem values. A comparison of 

the b180 values of paleosol carbonates with measurements of modem precipitation by 

Nativ and Riggio ( 1990) suggests that either the climate was warmer during times of 

caliche formation during Pleistocene time or there have been relative changes in the 

proportions of Gulf and Pacific moisture on the Southern High Plains. 

Recently, Amundson et al. ( 1996) observed a similar anomaly in the b1s0 of 

modem and Pleistocene soil carbonates from the Wind River basin, Wyoming. 

Amundson et al. observed that Pleistocene carbonates are richer in •so than Holocene 

carbonates. The measured b1s0 compositions indicated, that Pleistocene soil waters 

had higher •so compositions compared to modem soil waters. Gat ( 1980) stated that if 
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weather patterns during the Pleistocene were the same as today, and decreased mean 

annual temperatures controlled the i)180 composition of precipitation, the b180 of 

precipitation should have been more negative during the Pleistocene. Amundson et al., 

( 1996) explained the more positive b180 compositions as a result of changes in weather 

circulation patterns. The climate of the Wind River basin is dominated by westerlies 

from the Pacific and by topographic effects. The majority of the precipitation events in 

the Wind River basin today occur during the late spring, as arctic air masses collide 

with Pacific air circulation (Bryson and Hare, 1974). Precipitation events do occur in 

summer; however, prevailing wind directions allow for very little Gulf moisture. 

Occasional Gulf moisture may reach the Wind River basin as low relief on the eastern 

basin margin may act as a moisture conduit. It is possible that the low b180 

compositions for pre-Holocene carbonates, in the Wind River basin, were a result of 

summer precipitation events that transported Gulf moisture to Wyoming by monsoonal 

flow (Amundson et al., 1996). 

It is also possible, that on the Southern High Plains, we find the same effects 

Amundson et al. (1996) recorded in the Wind River basin; the influence of pre

Holocene Gulf precipitation on the oxygen isotopic composition of paleosol carbonates. 

It was previously stated, that the primary source for precipitation on the Southern High 

Plains is summer Gulf moisture; however, Pacific weather systems do contribute 

precipitation during the cooler winter months. According to the previous calculations, 

the paleometeoric waters seem to have been richer in 180 than modem precipitation. 

Paleosol carbonate i)180 values, from the Blackwater Draw Formation caliches, suggest 

a larger summer precipitation component from the Gulf of Mexico during Pleistocene 

time. It is indicated, that during Pleistocene time the contribution of moisture to the 

Southern High Plains was similar to today, but with even stronger influence of Gulf 

moisture. 
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Amundson et al. ( 1996) and Nativ and Riggio ( 1990) discussed the 

mechanisms by which changes in modem and Pleistocene time weather circulation 

patterns over North America occur and how they influence changes in precipitation fi 80 

in Wyoming and the Southern High Plains. The summer weather pattern that develops 

across North America is a north-west to south-east pattern characterized by an upper

level ridge to the north-west and then dipping to form a trough across the eastern 

portion of the country (Figure 5.8). Northeast of the Aorida peninsula is a 

semipermanent high-pressure cell called the Bermuda High (Figure 5.8). The position 

of the Bermuda High results in seasonal southeasterly flow which provides the High 

Plains region with Gulf moisture. A high-pressure area that develops over the Great 

Basin, the Colorado Plateau, and the Rocky Mountains inhibits the flow of Pacific 

moisture into the High Plains during the summer (Figure 5.8) (Nativ and Riggio, 

1990). This high pressure cell that develops over the western portion of the U.S. 

combined with the position of the Bermuda High drive the summer monsoon over the 

Great Plains. Prevailing westerlies and solar insolation determine the northern extent of 

this summer monsoon. During Pleistocene time, weather circulation patterns over 

North America fluctuated as a result glaciation. Glacial maximum models suggest that 

during peak glacial episodes the upper lever westerly flow was split by the continental 

ice sheets, and high pressure systems that developed over the continental ice sheets may 

have caused east to west air flow south of the ice (Amundson et al., 1996). Figure 5.9 

shows the mean surface wind patterns across North America for the month of June. 

The summer winds, that transport Gulf moisture to Wyoming via monsoonal flow, 

cross the Southern High Plains. Taking into account the position of the Bermuda 

High, the effects of the high pressure cell in the western U.S., and Pleistocene climatic 

fluctuations associated with glaciation, it is suggested that during Pleistocene time 
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Figure 5.8. Diagram showing the summer weather pattern across North America. 
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Figure 5.9. Map showing the mean surface wind patterns and the extent of circulation 
patterns across North America. Large arrows show the mean 
surface wind patterns while the dashed lines show the average extent of 
circulation patterns. From Amundson et al. ( 1996). 
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seasonal southeasterly flow patterns allowed for a greater influence of Gulf moisture 

across the Southern High Plains region than today. 

If season southeasterly flow transported Gulf moisture across the Southern 

High Plains to Wyoming, then the ~·so values reported by Amundson et al. should be 

more negative than contemporaneous soil carbonate ~~so values reported here. 

Amundson et al. ( 1996) carbonate ~·so data (Figure 5.10) show that the Wyoming 

paleosol carbonate ~·so values are approximately 1.0 to 7.5%o more negative than those 

for the Blackwater Draw Formation, supporting the hypothesis of weather systems 

moving across the Southern High Plains to Wyoming and moisture becoming more 

depleted in tso at higher and cooler elevations. 

5.3 Climatic setting 

The bottom plot, of Figure 5.11, shows the various climatic conditions under 

which soil carbonates may form. The Blackwater Draw Formation data points lie 

within fields A, B, and C. The majority of the points lie within fields A, but owing to 

the distribution of the data it is difficult to determine a single climatic condition under 

which the carbonates formed. Figure 5.11 suggests that the majority of the paleosol 

carbonates formed under normal continental conditions with variable degrees of 

atmospheric influence. The data also indicate that a monsoonal flow may have 

influenced the isotopic composition of soil carbonates. This observation seems 

reasonable considering the discussion of Amundson et al. ( 1996). 
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CHAPTER VI 

CONCLUSIONS 

Caliche horizons in the Blackwater Draw Fonnation, at Blanco Canyon, were 

analyzed for their carbon and oxygen isotopic ratios to discern changes in the 

paleoclimate of the Southern High Plains. Measured carbonate and organic ri 3C values 

suggest that the fraction of C4 flora on the Southern High Plains has increased over the 

past 1.6 Ma It is difficult to determine quantitatively the fraction of C4 or C
3 

vegetation 

once supported by the Blackwater Draw Fonnation paleosols, however it has likely 

varied from less than 50% C4 prior to 1.6 Ma up to as much as 80% C4 in more recent 

time. The l>13C data for the carbonate fraction compared to its coexisting organic carbon 

yielded an anomalous relationship. The difference between organic matter b13C and 

carbonate l>13C is larger than expected. For the Blackwater Draw Fonnation caliches 

the difference ranges between approximately 15 to 21o/oo; while only three samples fall 

within the theoretical range of 13.5 to 16.5o/oo. These anomalous values can be 

interpreted in at least two ways. The Blackwater Draw Fonnation caliches may have 

been isotopically reset by some diagenetic process. This idea is unlikely because the 

organic l)13C compositions are not consistent with oxidation of organics, and because 

the trends that are established by the measured b13C organic-carbonate differences. In 

addition oxygen isotope data are not consistent with resetting because of the measured 

difference in the a180 composition of the Blackwater Draw Fonnation caliches and the 

Blanco Formation limestone. It is possible that the caliches fanned under soil 

conditions which simply produced a l>13C difference greater than the theoretical range. 

Modeling of possible soil conditions at the time of carbonate formation 

suggests that the caliches formed under low soil C02 concentrations and possibly under 

the influence of a high atmospheric component. Paleosol conditions modeled for the 
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Blackwater Draw Formation indicate extremelv low soil CO concentrations were 
~ l 

necessary to produce the measured difference in b13C of carbonate and organic matter. 

To accommodate a high influence of atmospheric C01 , a soil must be porous or there 

must be little vegetation. Soil properties such as porosity and permeability were not 

examined in this study, but organic matter within the caliche samples was collected. 

The caliche samples contained little organic matter which suggests that the soils initially 

supported little vegetation. Because of the lack of vegetation, soil respiration rates may 

have been low, therefore allowing for a high atmospheric influence. It is possible that 

during soil carbonate formation on the Southern High Plains, low soil C01 

concentrations and low soil respiration rates allowed for a higher influence of 

atmospheric C01• Some published modern soil C01 concentrations for soils on the 

High Plains support this possibility. Therefore, caliches in the Blackwater Draw 

Formation do not solely reflect the proportion of vegetation, because of the atmospheric 

component. Further work would be beneficial in modern soils to measure soil C01 

concentrations and determine actual soil respiration rates on the High Plains. 

Within a single caliche horizon and from horizon to horizon, the b180 

composition does not vary significantly. The caliche oxygen isotopic ratios were used 

to calculate the oxygen isotopic composition of paleometeoric waters that were 

necessary to produce the measured caliche b180 values. The data suggest that during 

the 1.6 Ma period of deposition of the Blackwater Draw Formation, the isotopic 

composition of precipitation on the Southern High Plains did not changed significantly. 

Recent work by Nativ and Riggio ( 1990) has shown that modem precipitation for the 

Southern High Plains is more depleted in 180 relative to values calculated in this study. 

It is possible that pre-Holocene abnospheric circulation patterns over the Southern High 

Plains were much the same as they are today, but during Pleistocene time the Southern 

High Plains experienced an increased influence of precipitation from Gulf moisture. 
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6.1 Future Research 

Work is still in progress, at Texas Tech University, to more accurately 

determine the paleoclimatic history for the Southern High Plains. This research is part 

of a series which includes work done by J. O'Reilly ( 1996), L. Alomar (work in 

progress), and others. 

In addition to this research, five pair of samples have been sent to the 

University of Arizona for 14C dating (i.e., one pair consists of C02 gas collected from 

the carbonate and organic matter fractions). The 14C dates should shine some light on 

the argument of isotopic contamination. 
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