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Abstract 

Late Pleistocene terrestrial climate information in the Western Cape. South Africa may 

be preserved in oxygen and carbon isotope ratios in pedogenic calcrete that bas Conned in 

/zeuweltjies (large circular earth mounds). He11weltjles are common landscape features 

and their potential as palaeoclimatic archives is not known, simply because it has never 

been investigated. Samples were taken from three depth-profiles down a single hemvcltjie 

near Worcester. Carbon and oxygen isotope ratios were detennincd. In total, fifty-four 

samples were analysed. The o13C values vary from -7.4%. to -4.9%0 relative to PDB. 

whereas 15180 vary from 28.05'160 to 30.91%0 relative to SMOW. Five radiocarbon dates 

were also obtained and range from 31 ,290±820 BP to 18,770±190 BP. The o13C values 

were found to have significant positive correlation with 0180 (r = 0.82, p <0.01). with 

values for both isotope ratios decreasing from 31,290±820 BP to 18 .. 770±190 BP. This 

may represent a period of continuous drying and warming. No dating of calcrete layers 

produced ages earlier than 18,770±190 BP and oo samples have outlying isotopic values 

suggesting that conditions have not been suitable for calcrete formation during the 

Holocene. 

ln!Toductiou: 

He11weltjies 

Heuweltjies are large circular mounds that are evenly distributed across the landscape 

(Lovegrove & Siegfried 1986; Picker et al. 2006) and form a noticeable part of the 

topography in the Wt!Slem Cape. There have been a number of hypotheses regarding their 

origin (reviewed in Moore & Picker 1991). but the current hypothesis is that they have 

been formed by the harves1er termite, Microhodotennes l'ialor (Picker et al. 2006). 

Despite the current dispute regarding the age of the /uwwelljies and the agents 

responsible for their formation (Midgley et al. 2002; Picker et al. 2006) it is generally 

accepted that they are of zoogenic origin. Heuwelljies have been found to olter the 

structuring of the landscape, increasing its heterogeneity. There are significant 

differences be1ween on- and of:f~mow1d soil chen1ical compositions (Midgley & Musil 

1990) with the he11111e/tjies fomling locali:zed areas of improved soil ferti lity with higher 

macro- and micro-nutrients. This locali:zed earicbment pattern has also been observed in 

-2 -



other species of tennites (e.g. OkeUo-Oloya el n/, 1985; Jones 1990; reviewed in Bruyn 

& Conacber 1990). Calcrete lenses have been observed 10 occur in termite mounds (refs) 

and within hemvelljies (Lovegrove & Siegfried 1986). and are possibly a by-product of 

the observed nutrient enrichment and increased soil porosity (Dean 1992), Calcretes are 

soils that fonn under specific climatic conditions, and which rela1n a signature of the 

conditions during development (Dubbin 200 I). Palaeosols, such as calcrete, have been 

used to elucidate past climate and vegetation conditions (refs), such as temperature and 

precipitation regimes and type of vegetation (plants with CJ vs C4 photosynthetic 

pathways). The aim of this study is to investigate the potential use of calcrete found in a 

he11111dtjie as a palaeoclimaticarcbive. Both carbon and oxygen isotopes will be analysed 

in a single heuweltjie in the Worcester area to see if there an: systern.itic changes related 

to climate and vegetation. 

1'l1e 11al11rc one/ slgni}lca11ce ofpedogenic carbonates 

The precipitation and dissolution of calcite can be summarised by B single equation:· 

CO2 + H,O+CaC01 =Ca; +2Hco; (Birkeland 1984), 

However, lhe origin of pedogenic calcrete is not ful ly understood (Rowe and Maher 

2000). Calcium can be supplied by either silicate weathering or from lhtt atmosphere via 

dust fallout Atmospberic contributions of calciuru have been found to account for as 

much as 98% of soil carbonate calcium (Capo & Chadwick 1999), The CO2 is generally 

from the atmosphere. Calcium carbonate is leached from the soil profile by dissolved 

CO2 derived from the decay of plant ma~erial and root respirBtion. The c<1lciurn carbonate 

is then transported in solution down the soil profile and then reprecipitatt>s at some depth, 

usually > 25cm (Cerling and Quade 1993). The calcium carbonate reprecipilates when 

the soil solution becomes supersaturated with respect to calcite (Rowe aud Mah~r 2000). 

Supersaturation occurs when: i) evaporation or evapotranspiration causes wi increase in 

the concentration of dissolved calcium or hydrogen carbonate, ii) microbial activity or iii) 

a decrease in p(C02) leading to a deg,issing of dissolved COi in the soil water (Cerl ing 

and Quade l 993). The amount of annual precipitation required for calcrete fom1ntion is 

generally in the regionof400-700mm (Cerling 1984) . 
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1'l1e 11a111re of carbo11 and oxyge11 isotopes 

Carbon has three isotopes 12C, 13C and 14C. The tic and 13C isotopes are stable. The t4c 
ls unstable and decays radioactively over time, and so can be used to date material that 

contains sufficient quantities of carbon. All three carbon isotopes react chemically in the 

same ,vay; liowever they do react at slightly different rates due to d1eir different atomic 

weights and relative sizes. This discrimination between a light and heavy isotope is 

termed kinetic fractionation . The carbon isotopes are fractionated differently depending 

on the photosynthetic pathway used by plllllts. Plants using C3 photosynthesis will 

strongly fractionate CO2 and have a mean 613C value of -26.596o. whereas C4 plants 

display significaolly less fractionation and so have a higher mean 6 13C value of -12.5%0. 

Plants using C3 or C4 will have significantly different 6t3C s ignatures. TI1ese signatures 

are stored in calcrete as most of the carbon is derived from decaying plant materinl. This 

means thnt calcretes can be used to infer palaeovegetalion during the time of their 

formation. However, as calcretes may integrate signals over thousands of years they have 

low temporal resolution. 

Similarly, oxygen has three stable isotopes (160, 170 and •to). Of the heavier isotopes, 
1
•0 is much more abundant that 170. Only 180 / 160 ratios were determined in chis study. 

The 6180 of calcrete is controlled by the 6180 of soil water and the temperature­

dependent fractionation between calcite nod water. '111e 0180 of soil water is dependent 

on the 8180 of rain water which itself depends on i) the altitude, ii) tlu: temperature, iii) 

amount of rain, iv) conlinentality, an v) source of water, Of these, the first three cno vary 

al any one place, Evaporation causes 180 enrichment of the soil water. The 6180 values of 

calcrete are unlikely to give accurate quantitative measurements of past environmental 

temperatures, but they can be used to determine the relative trend of temperatures through 

time (Kuch 1998). 

In this study. I have determined the C and O isotopic composition of calcrete from a 

single heuwelljie to use as palaeoclimate tracers. Carbon-14 ages were obtained Lo 

indicate the age range of the pcdogenic carbonate found in the heuwe/tjir:. The calcrete 

values obtained for carbon and oxygen will be compared to the results of previous 

studies. 

• 4 -



Methods: 

Study site 

The heuweltjie selected for this study (33° 27' 28.5" E I 9° 32' 05.0" S; Figure I) is 

located near Worcester. which is 72 km north-east from Cape Town. ll was selected 

because a two metre cross section has been exposed by a road cutting. The cl imate is 

semi-arid with winter rainfall. The meao annual precipitation is about 215 mm at the 

Worcester weather station at 22lru elevation, 22 km from the study area. About 132 mm 

of precipitation occurs during the winter season, May-August, with the rest occurring 

during the summer months. Temperature is usually above 0° all year round, with a mean 

minimum and maximum air temperature of l6° and 32° ia January, respective.ly. and 6° 

and I 9° in July, respectively (SA Weather Service), 

N 

A 

0 - Heuweltjle 

• Worcestor 
• Cape Town 

100 150 200 Kilometers 
E-3 I 

Figure I: Location of the heuwe/tjie used in this study. 

The heuwelljie's current vegetation consists of Drosamhenum montageuense, a second 

unidentified Drosan1h11n11m sp., Pteronia incana, Preranla pa/lens, Lycium cinereum, 

Leipoldtii schwzei, Phyl/abolus splendens, E11pl10rbia b11rmtm11il, and 2 Ruschia spp. 

Tennite frass is evidem on top of the heuwelljie indicating that at least pan of it is still in 
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use. Archaeological material in the fom1 of Enrly Stone Age tools occurs below the 

heuweltjie and in lhe areas beyond the huuwe.Tl}ie. 

Calcrete 

There is wide variation in calcrete morphology within the heuweltjie profile, i) loose and 

aggregated nodules that have homogeneous interiors, ii) powders, i ii) large cemented 

nodules made up of heterogeneous material, and iv) nodules in matrices of softer calcrete. 

There appears to be a laminar layering of son white calcrete through the profile. However 

this layering is interspersed with hard black-coated cemented caJc:rete nodules tllat range 

from 5 cm to 30 cm in diameter. Layers of calcrete extended to a depth of jtJSt under two 

meters from the surface of the he11w<!ltjie. Many of the forms have complex internal 

structures, most likely due to the cyclical nature of carbonate deposition. dissolution. 

disruption and re-cemeotation. The percentage calcite was calculated for each sample in 

the profile as part of the stable isotope analysis. however three soil samples taken from 5. 

IO and 15 meters away from the edge of the heuweltjie were analysed for their calcite 

content according to the "Karbonate•bombe" method (Mueller and Gastncr, 1971 ). 

Approximately I 00 mg of dried, cmshed sample was reacted with - 3 mL of I 0% BCI to 

produce CO2 gas in a closed vessel. Carboantc content was detenniucd by complll'ing the 

volume of CO2 gas generated to that produced from known masses of laboratory-b'Tilde 

CaCO1. 

Ca/crete Sal/lpling 

Three lateral profiles were sampled from the exposed hetm-eltjie. The profiles were 

selected so that three separate regions of the heuwelljie would be sampled, specifically 

the centre (profile I), the outskirts (profile III), and au intermediaie (profile II) between 

these two. Each profile ,vas 'cleaned' by removing approximately five centimetres of the 

exposed surface. This was done to prevent cnlleoting samples that had been contllminated 

due to exposure. For each distinct layer encountered down a profile a sample was 

collected and plnced in a plastic bag. TI1e depth of the sampled layer from the surface was 

measured. Seven samples were collected from profile [ and profi le lU, and eleven 

samples from profile II. In addition four samples were collected 50 cm away from profi le 
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!Il, but following the contours of the layers of the first four samples. Most of the samples 

were split into two subsamples and analysed separately. 

H3--01 

Profile I Profile II Profile Ill 

Figure 2: Three profiles through a heuweltjie from which calcrete samples were collected for carbon and oxygen stable isotope 

analysis and radiocarbon dating. The collection locations of the five samples that were aged using radiocaroon dating are 

shown. 

Five samples across two cores were selected for Carbon-14 dating. Three of the samples 

were selected from profile I, two of which came from a large cemented nodule 

approximately 25 cm in diameter, and the other coming from the surface fifteen 

c-entimetres above the boulder layer composed of powdery calcrete layer. Two samples 

were selected from the profile m at the outskirts of the heuweltjie, one from the topmost 

layer and one from the bottommost layer. 
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S/(lb/e isotopes 

Samples from six termjte frass heaps and ten plant species found on the heuweltjie were 

collected. The reduced carbon fraction from these samples was analysed by using 

continuous flow methods on a Finnegan MA T52 mass spectrometer in the Department of 

Archacometry, University of Cape Town. These organic samples were freed of 

carbonates by dissolution in warm dilute HCI. Carbonates were freed of organics by 

being heated under vacuum at 400qC for 1 h. A value of -14.4%< was used for the 

diagenic fractionation of organic to inorganic carbonate in calcretes as this value was 

observed in a heuweltjie in Clanwilliam (Midgley el al. 2002). Raw ll 13C values wcn.t 

corrected using NASTD and SUCROSE. 

A total of 54 calc.rete samples were analysed for both c.irbon nnd oxygen stable isotopes 

in the Department of Geological Sciences. University of Cape Town. Oxygen isotopes 

data are reported in 6 notation where 61KO = [(R..,,,p,.IR.tm,d.u,1 - 1)•1000) with R = 
110/160 . Cnrbon isotope resulL~ are also reported in Ii notation where 6

13
C = 

((R.11111p1JR...,,d"" - l)*l 000) and R ,,. 13C/1ic. The calcite intt:mal si.,.ndard NM95 was 

analysed in duplicate along with nine samples in each run. The carbonate samples were 

oveo-dried before loading into reaction vessels with 100% phosphoric acid, and then 

pumped in the vacuum system for at least two hours. The phosphoric acid was reacted 

with the carbonate to liberate COi gas. The 1.nass spectrometric analysis of the CO2 was 

undertaken using a MAT Delta >.'P· Mass Spectrometer in dual-inlet mode. A 

fractionation factor of 1.01025 was used to correct the .6180 value of lhe acid liberated 

CO2 to that of the calcite. The oxygen and carbon isotope 6 viuues are reported with 

respect to SMOW and PDB, respectively. Raw delta values were calibrated lo the 

SMOW and PDB scales using the values obtained for the intern.al carbonate standurd 

NM95 analysed at the same time as each batch of swnples. NM95 bas bcell cotibrated to 

the SMOW and PDB scales using the NBSl 9 carbonate standard (6180 = 28.64%<,; 613C = 
1.95%o). All reactions took place ovemigl1t at 25.0"C. Repeated analyses of the internal 

standard suggest that 6180 and 613C detem1in_ations are precise 10 better than 0.07%. and 

0.02%<, respectively. Rcsampling from original calcrete samples suggest that the 6110 

and 6t3C values nre accurate to within 0.36%. and 0.30%. (n = 22). lt is important to note 

thut the data reduction procedw-e nonnalises the raw data ton fixed value of NM95. This 
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climinntes uny drift in reference gas isotope composition and any slight deviation of the 

water bath from 25° C. 

All isotope data was tested for correlations (at a 5% level of significance) between 6
13

C, 

61*0, sample depth, and percentage calcite using the STATISTICA 7.0 computer package 

(STATISTICA ror Windows. StatSofl Inc.). All values were log-transformed for the 

correlations between isotope ratios and either sample depth or percentage calcite. 

Results: 

Present-day vegetation 

The present-day vegetation growing on top of the ),einwdrjie consisted of only CJ and 

CAM plant species. The 613C values for the different plants species are shown in Table I. 

The 613C values for the CAM plant species are similar to that of C3 species indicating 

thut they are discriminating. against the heavy 11C isotope and are 1101 under water-stress 

in the present-day climate. The photosynthetic pathways for the plant species were based 

on the value of the 613C value (Mooney et a/. l 977), with focultative. CAM species 

having higher613C values. 

Table I: The 611C(PDB) values for 1en p)wlts species sltualed on top ofihe heuwdtjle, as well as 1he 

moan [standard deviation] of five samples of lemli1e frass. 

Spedes 6 C 

Euphorbla b11rma,mfl 

RJJ.vchia sp. 

Phy/10/,o/1,s optend,r,s 

Dro1m11Jum111111 munlague,11se 

Pteronia incam, 

lycium cinercum 

Ru.,c/,fa sp. 

l eipo/dJli schµr:ai 

P1111·01110 µ11/1,m.'t 

Drosa111hem,1m sp. 

'fenni1c Frass 

-22.94 

-22.45 

-24.53 

-24.47 

-26.39 

-26.()d 

-2 1.67 

-24.68 

-27.09 

-23.82 

-24. 76 [0.96] 
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CAM / C3 

CAM I C3 

CAM / C3 

CAM / C3 

C3 

C3 

CAM i C3 

CAM I C3 

CJ 

CAM I C3 



Calcrete samp/e.1· 

The samples tnkco from the three profiles have a high percenlllge of calcite. Percentage 

calcite values ranged from 10% to 77%, with a mean of 47% and a standard deviation of 

oi:l 6%. Although there were many different forms of calcrete present, the different forms 

were not used ns a grouping variable in any analyses as oalcrete morphology is not 

believed to be a reliable indicator of age (Achyulhan 2003 ). 

Carb1m and O:i.ygen isotopes 

The 613C values of the calcrete range from -7.4%o co -4.9%o with a mean of -6. l%o 

(standard deviation = :t0.6%o; Table 2). The 6180 values for the calcrete samples range 

from 28.05%o to 30.91%. with an average of 29.66%o (standard deviation = ±0.72%0; 

Table 2). The 613C and 6180 values for each sample are plotted in Figure 4. There was a 

significant correlation between 613C and 61~0 (r = 0.82, r2 = 0.68, p <0.01). Significant 

negative correlations were found between the following log-transformed variables, 

however the very little of variation was explained by the 1:-01Telalions (i.e. r1 value close 

to zero): 1i13C and depth of sample (r = -0.39. r2 = 0.15, p <0.01). 6180 and depth of 

sample (r = -0.33, r2 = 0.11 , p <0.05); percentage calcite and depth (r = -0.31, ?- = 0.10. 

p < 0,01); percentage oalcite and d\3c (r = -0.69. r2 = 0.48,p < 0.01): and por-cenrage 

calcite 6180 (r = -0.49, r2 = 0.24,p < 0.0 1 ), 

Both 613C and 6130 values are compared lo calcre1es from other locations in figure 6. 

The 613C vnlues plot near the lower range of values observed for 613C from other calcrete 

studies (Figure 6). The 6180 values are relatively high in compared to other localities, 

with similar values ro those found in the Thar Desert. Broken Hill and Western 

Rajasthan, all of which are currently arid climates. 

The radiocarbon dates for the five samples are reported in Table 3. Based on the current 

temperature range between summer and winter, the 6110.,.., ... , and the temperature­

dependent fractionation between water and calcite, the isotopic composition of the soil 

water at calcite precipitation is constrained 10 between -2.0%o and 3.5%o SMOW (Shown 

in Figure 5 as C and G). 
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Tol>lt 2 : Stoblt isotope COttt><>Jilion of tho Pleulocene calcreb!S of a H,uv,•IJ;ii• ,w.i•d ,...,. 
Worett1or1 Wtsfun. Ci;e•. S mth.Afric,1 
&-.Jijia Samp1o Hql,t 613c ,110 

Pros. (<!!!l PDB SMOW %CC ~ (Cl!j 
Piofile I Hl-01 13 -6,1 29.6 (,6,0 262:JOt.5'.lO 

Hl.02 15 .S.9 29 ,6 48.8 
Hl-03 18 -5.9 30.0 ~ .8 

.S.9 29.8 43,8 
HI .Q4 18 -6.0 29.7 54.6 

-6.1 29.S 48.6 
HI.OS 2.S ,6.5 29 .1 S7.8 

.5.3 30 .8 61.5 
Hl-06 30 -4.8 30.5 74.9 31290t820 

-4,9 30.5 77.0 
Hl-07 35 .s., 30 .5 68,4 30860t810 

-4.9 30.7 ~ .8 
Hl-08 40 -6.5 29.2 48.7 
Hl-09 62 -6.3 29.3 !IS.I 

-6.3 29.3 51.6 
H.1-11 71 .S.2 30.9 61.l 

.S.6 30.5 61..S 
Kl -12 84 .S.7 30.8 52.9 

.S.7 30 .6 !15.7 
Hl -13 92 .S.8 30 .3 58.1 

.S.3 30.5 49..S 
Piolile II H2.0l 65 .S.8 29.6 25.9 

H2.02 76 .S,5 30.S 62.4 
H2.03 79 -5.7 29 .7 37.0 
H2-04 81 -6.1 30.0 52.6 
H2.0.S 103 -5.0 30.0 58.3 
H2-06 105 .5.3 30.9 S6.4 

-6.0 30.7 28.6 
H2-07 107 -5.8 29 .7 54.7 
H2-08 ll2 -6.1 30.2 44.6 
H2-09 ll5 -5.4 29 .6 72.4 
H2-!0 !19 -6.2 30.2 46,0 
H2-ll 142 .S.8 29 .2 fll .7 
H2-!2 144 -6.7 29 .0 40..S 

-6.S 29 .0 47.6 
H2-13 171 -6.8 28.9 42 ,2 

Pion.le Ill-B H4-0I 83 -6.8 29.0 23.1 
H4--0:! 120 -6.6 29 .1 45.1 

-6.4 29 ,3 l2.7 
H4-03 !28 -6.5 29 .6 38.6 
H4-04 130 -6.9 28.9 23.2 

.S.8 29.9 47.9 
P,ofil, !II-A. H.3-01 84 -7 .0 28.4 10.4 18770tl90 

.7.4 28.0 11.4 
HJ.,02 89 -6.4 29.9 16.9 

-6.3 29.5 Zl.9 
H3.03 !12 -6.7 292 .32..S 
H.3.04 117 -6.6 28 .8 51 .7 
H3-0.S 130 -6.8 28.3 113 

-6.1 29 .1 44.1 
-5.8 29 .7 S9.5 

HJ.06 155 -6.1 29.5 64.2 
-6.4 28,7 46.3 

H3-07 156 -8.3 29.S 46.8 252l0t420 
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Figure 3: Histogram of C isotope data collec!ed from calcrete samples from a heuweiljie. C3 and C4/CAM 

source plants produce carbonate 613C values of -1296. and +2'll\o, respeclively. -5'6. corresponds 10 a 1: 1 

ratio of CJ and C4 plants. (A) represents O,e range of o"C calcre1e values of a heuwelljie in the 

Clanwilliam DiStrict (M[dgley et al. 2002). (B) represenls the 613C value for tbc present-day planls and 

1ermi1e frass found on the Worces1er heuweltjie, corrected for the fractionation bctwe~n organic carbon and 

carbonate. 
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figure 4: (A) - The o"C and o"O values for calore1c samples taken from three profiles (Profile I • ◊ : 

Profile. II • ■; profile Ill - 6) in a heuweltjie situated ne;u- Worcester. o13C and o'*O values for sub-samples 

of material sent for radtocarbon dating are shown with dates obtained. The inset (B) represents the 

calculated range of o"C and o"O values for the present-day formation of calorete is shown as the open 

circle and the calcrete values from (A) are shown as the shaded circle. 

Table 3: R.'ldiocarboo dates(* I standard deviation) and carbon and oxygen isotope dam for five calcrele 

samples from a heuweltjie near Worcester. 

Sample C date 6 Ca,Nn••ir 6 O o,bn1111t 

Profile I; Hl -06 (upper nodule) 31,290±820 -4.86 30.5 

Profile l:H 1-07 (lower nodule) 30,860±810 -5.00 30.6 

Profile I: H 1-0 I (surrounding matrix) 26,230:tc530 -6.13 29.6 

profile IU: HJ-07 (bonommost layer) 25,210±420 -7.11 28.7 

Proule Ill: MJ-0 I (topmost layer) 18,770±190 -7.21 28.2 
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Figure 5: The relationship between 1cmpera1we. 6110 of water and 6110 of calcrete for calcium carbonate 

precipitation in isotopic equiHbrium using equa1ion: 1 000lna..,0 ,...,.., = (2. 78 x Io• T') - 2.89. The 

stippled area represenls lhe range ofo'•o calcrete values recorded for samples from a single heuwelljie near 

Worcester. Labelled horizontal lines (dot and dash) refer 10 o"O oalcrete values oflhe nodules dated here 

(Table 3), See text for explanation of A-F. 
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Figu re 6: Literature summary of 6"C and 6"0 values for calcrete from seven smdies with distribution 

displaying eac.h locality. The daUl were obtnincd from: Liu et al. 1996 (Ajo Mountain,;), Alonso-Zana & 

Arenas 2004 (Teruel Graben), Achyuthan 2003 (Western Rajasthan), Srivastava 200 I (Gangelic Plains), 

Andrews el al. 1998 (Thar Deso11), Rowe & Maher 2000 (Loess Plateau), ond Schmid el al. 2006 (Broken 

flill) 
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Discussion: 

The aim of this study was to use calorete that has fonned wflhin a single heuwell}ie to 

infer systematic changes in palaeoclimatic and palacovegetation conditions. The Carbon-

14 dates place the fom1ation of the calore.te in the Late Pleistocene, during a ,glacial 

maximum. The 613C values suggest that the palaeovegetation ,\lllS C3/CAM dominate<l. 

w1d that C3 dominanc.: increased from 31 thousand years ago (ka) until 18 ka. The 1) 
18

0 

values suggest this same time period experienced some degree of wanning. 

Carbon isotopes 

'l b.ree factors affect the C3 and C4 plant distribution, specifically temperature, moisture 

and atmospheric CO2, The C4 pathway is favoured when there are increases in 

temperature, decreases in moist11re or atmospheric COi. bec:ause C4/CAM plants can 

maintain optinmm photosynthetic levels with little stornat;il conductance which limits 

water loss. The current vegetation growing on top of the heuweltjie consisted of only C3 

aod CAM planr species. The ii 13C of the termite frass is consistent with the vegetation 

growing on the heuweltJie. The &0 c values for the CAM plant species are similar lo that 

ot'C3 species indicating that they nrc discriminating against the heavy 13C isotope and are 

nol under water-stress in the present-day climate which means that they are in a period of 

CAM idling (Veste et al. 2001). The spre-dd of data shown in l'igute J suggests a mixture 

of isotopic contributions from C3 and C4/CAM palaeovegetation. Pure C3 and C4/CAM 

plan1s would generate isotope values of -12%0 and +2%o. respectively (Quade el al. 1995). 

A Ill ratio of CJ:C4/CAM plant contributions to the calcrete should produce a 6qC V'dlue 

of -5%.. The 613Cp,1111 values (corrected to calcite -values) indicate tbnl 613
C..1cr.t, values 

are not 1n equilibrium with present day vegetation (Figure 3). The higher 613Ccn1crete values 

may be due lo a greater proportion of C4 plants O[ CAM plants experiencing water stress. 

However, the 613C value of calcrete may also have become 13C enriched by either: a) 

isotopic mixing with atmosphere CO2, orb) degassing of 12C-enriched CO2 closer to the 

ground surfaces (Acbyuthan 2003), The 6JJC values of this heuweltjie are higher thru1 

values found for a /leuweltjie in the Clanwilliam District (Midgley et ul. 2002), which 

ranged from -7.03%o 10 -8.53%o. l lowever. this may be a simple reflection of vegetation 

composition di!Te.renoes between the two sites. The Carbon-14 dat.:s for the calcrete are 
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consistent \\~th the ages from a he11weltjie dated in the Clanwl lliam District (Midgley et 

al. 2002) and with a small fossilized termite nest from also from Clanwilliam (Coaton 

1981). 

Oxygen Isotope.I 

The 6180 values of pedogenic carbonates are thought Lo be controlled by two variables, 

specifically the 11 180 value of soil water and temperature (Ccrling 1984. Liu et al. 1996). 

The 6180 of calcrete fom1s in equilibriwn with the local soil water. and the 6
11

0 of soil 

water ls in tum related to the oxygen isotopic composition of meteoric water (Khadkikar 

et al. 2000). Tnterpreting trends in soil carbonates tend to be complillllted by the 

fractionation between water and calcite as it is temperature-dependent. Given the strong 

observed correlation between temperature and the isotopic composition of precipitation 

(Dansgaard 1964), a significant decrease in the 6180 of meteoric water would be e,rpected 

if there is regional cooling. The 61•0 values of the calcrete were used to estimate the both 

the average unnual temperJture and 61~0 of the meteoric water at the time of calcrete 

formation using the following equation: 

I000lnac,1,ne-w•u:, = (2.78 ~ 106 T 2) - 2.89 (Friedman & O'Neil 1977), 

where T is ternpc.rature in Kelvi.t1 and Clalc;1.,_,.~,., is the fractionation between water and 

calcite (Figure 5). The calculated value of 6130 if it were to form wider prese11t-d11y 

conditions using the average 6180 of meteoric wa1er at UCT and Cape Town International 

Airport (Harris et fll. 1999) is indicated by points A and B (Figure 5). It is possible lo 

identify the formation conditions of the calcrete by examining the relationship of the 

rood em temperature and meteoric water 6180 data (B) and the isotopic datum for a single 

calcretc sample. For e.sample, calcrete forming under present day conditions would have 

a 6180 value of approximately -7%o. Calcrele 11 180 values observed in the he11welljic 

could be produced by u number of scenarios: i) the calcretc formation temperature being 

- 22° C cooler (B-C in Figure 5). ,~th the isotopic composition of soi l water being similar 

to the modem value; or ii) the formation temperature being < 22° C colder and soil water 
18O-enriched relative to the present day (13-C-E); or iii) formation temperatures being 

cooler t11an present and precipitation being isotopically more depleted by > 0.5'11\o (B-C­

O).. However, Koch ( 1998) warns that palaeosol carbonates do 001 yield accurate 

quaOlitative estimates of or temperature or 0180 of meteoric wntec:, but rather serve as 
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general indicators or environmental difference::s through time and so can be used lo track 

systematic changes. A temperature of I 0° C for lhe period of calcre1e formation seems 

unlikely. The tempe,dlure was probably much higher lhnn the value estimate. This would 

mean that the 6180 oftbe soil water. and hence the 6180 of precipitation, must have been 

much higher than current conditions. The palneo-618O or meteoric water is estimated to 

be between -2'.l6o and + 3.6%0, bas.:d on the present-day range of temperature and the 

highest and lowest observed value of 6180c,1ae1• (represented by f and G, respectively). 

This relative 15180 decrease of meteoric water from 32 ka (E &.fin figure 5) to 18 ka (C 

& Din Figure 5) suggests that the cooling occurred between these two periods. However, 

shifts in temperature would also have nffected the fractionation factor between water and 

calcite. The increase in the carbonute-wuter fractionation factor associated with 

decreasing temperature likely offset the decrease in the 61~0 of precipitation. producing 

little net change in the 6180 of the soil carbonate. So the relatively small decre.ase in 6180 

of meteoric water observed in Figure 5 may be greater than the values actually measured. 

Comparisons of calcre1e isotopic dale, wilh published data 

The ll13C values fall wilhin the low range of ll" C values compared with the seven other 

studies (Figure 6). There appears 10 be cut-o!T of o 13C values al about -8%o. The predicted 

613C value for soil carbonale which fanned in a totally C3-<lominated vege1ation is about 

-12%. (reQ. The foct that none of the studies have values near -12%. suggests Lbat i) C3 

plants have never heen completely dominant at the respective localities during (he time of 

calcrete fom1ation. or ii) I.here is a relative eruichmenl of the carbon isotopes during 

calc.rete fom1at.Ion or over time, possibly due to atmospheric carbon. 

The 6180 values arc relatively high compared to the other localities and compare well 

with the values obtained from localities in Broken Hill. the Thar Desert and Western 

Rnjasthan, which are arid ureas. The calcretc nodules from the Loess Plateau are believed 

10 hnve formed dur111g climatic conditions that were cooler than the present semi-arid 

conditions (Rowe & Maher 2000). The calcrete in the Gangetic Plains (Srivasrava 200 I) 

has been found to track a climale change from cool arid/semi-arid conditions too warm 

humid phase that was correlated. with n change in vegetation, as the vegetation pattern 

changed from a C4 grassland to a woodlond, and I.his would explain the wide range of 
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613C values. Unfortunately, 1here are nol many supporting climate proxies to allow us lo 

make categorical claims regarding the Climatic conditions during the cakre!e fonnation. 

Pale111'11vironme111 implicat iCJIIS 

The maximum difference in 611C observed in this study is about 2.5%o. The magnitude of 

this difference suggests that the proportion of C4 (or CAM) plants ranges from 35% to 

15% during the period of calcrete formation, This sh.ill may be attributed to a change in 

climate because th11re is a corresponding shill in li180ca1aere• 

A number of samples dated using Carbon-14 provides a trend of isotopic compusitio11s 

with time. The dates for the five samples ran.ge from 32-18 ka. These samples wen~ 

selected to represent the diversity of morphological calcrete types present at different 

positions in the hemvcl(jie. These !\&es suggest a number of possibilities: i) climate for the 

past 18,000 years has not been suitable for calcrete foanation in the Worcester area. or ii) 

the calcrete samples have been contaminated by an ancient 14C~depleted source. which 

would cause sample dates to estimated to be older than lhey really are, and iii) younger 

calcrete samples were somehow nlissed during sampling. 

The formation of calcrete is dependent on a specific swte of environmental conditions; it 

requires sufficient rain to mobilise oalcium carbonate in the upper layers. but insufficient 

rain to leach it out of the system, as well as lug), enough temperatures to cause enough 

evaporation reconstitute Ute calcrele at depth, Current cllmatic conditions lhat may be 

preventing calcretc fonnation is lower annual ra.infall. or lower annual temperatures. The 

current mean annual T'.unfall is insufficient for calcrete formation (Cerling 1984). The 

significant correlation between 613C and 0110 ofcalcrete appear:s to be a function of time, 

as the decrease in both 0110 and o13C is associated with younger and younger 14C ages 

(Pigure 4). There may be some similarities between !he patlem of climatic changes in the 

he11weltjie and that infe,red by Talma and Vogel (l 992) tn the Western Cape Province. us 

well as Holmgren e1 al. (2003) in the Limpopo Province. Both s_pelotherm studies show a 

delcreasing trend in 6180 during this period, although the Makanspansgat speleot!Jerm 

(Holmgren et al. 2003) only ex1ends 10 28 ka. 111e decrease in 613C values suggests a 

relative increase of C3 plants or CNvl plants using the C3 pathway. This would mean 
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that conditions may have become cooler between 32,000 ya and 18,000 ya. giveo the 

preference of C4 species for high temperatures during the summer months (Edwards & 

Walker 1983) or CAM plants switching lo the C3 pathway during cooler perlods. Tllis is 

consistent with Lhe findings of the ll 18O/:Jl1or<ic and the calculated li 18
O"~"" values. 

Parkington er al. (2000) suggest that evidtmce based on wood charcoal and pollen 

deposits situated in the Elands Bay Cave, indicates that the climate was much welter ut 

the last glacial maximum (20 ka). However. their findings also suggest that the climate 

was much cooler than present-day, and this is opposite to the findings of this sl\Jdy. 

II Is possible that the calcrete samples in the /umwelljie have been contaminated by an 

ancient 14C-dcpleted source, for example by an underlying layer of limestone below the 

heuwe/lj/11, lf this were the case, the pollutant must be affecting the entire profile (>Im) 

and one would expect to find calorete from the 14C-depleted source in the soiJ next to the 

he111velljie, Three soil samples, taken from profiles off the mound at similar depths us the 

he11welljie calcrete layers, contained no calcite. Therefore, the Carbon-I 4 value.;; likely 

represent true ages. 

!t is unlikely thut younger (,'lllcrete is present 1n the he11wel!iie, Younger samples would 

have significantly different 613C and 6180 isotopic values from those of the dated 

samples. However. all of the samples. which were taken from many depths through U1c 

three profiles, all lie within the i~otopic ranges of the Carboo-14 samples. 

Potential problems with inferring palaeoclimate condjtioos from stable isotopes in 

calcrete (Rowe & Maher 2000) are that i) detrital carbonate that is isotopically enriched 

may be contaminating the calcrete. which i.s difficult to accurately predict or correct. and 

ii) the chrooological re lationship of secondary remobilised cakrete io the profile is 

unknown. 

An interesting side not.: is that heuwelrjies ore acknowledged to increase the 

heterogeneity of the landscape by creating nutrient hotspots. However, how much of the 

nutrients are locked up in heuwelljies in the form of inorganic carbonate and unavailable 

to the system? The agents responsible for creating the lteuwelljies may have caused an 
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overall decline in nutrient availability to !he system as a whole. Calcium is a 

micronutrient !hat is an essential part of plant cell wall structure, and provides for normal 

transport and retention of other elements. Based on the mean he11weltjie diameter of 17m 

(Moore & Picker 1991), a mean density of297 heuweltjies per square ki lometre (Picker 

el al, 2006). a depth of l m and a mean percentage calcite of 47% (this study), I estimate 

!hat lumwe/ljies may have removed over JO tons of calcium from the system per square 

kilometre in lhe past 30,000 years, at a _rate of just over I kg per square kilometre per 

annum. 

Cnnclu.fiOm 

Based on Catbon.-14 ages of the calcrete found in he11welljies (Olis study; Midgley cl al. 

2002), it would appear that they have been present in the landscape for at least the last 

32.000 years. This is significantly older than suggest~d by Pick.er et al. (2006). The 

results of this study show that the climate U11derwent a period of cooling and drying from 

32 ka 10 18 ka, and tht1l climatic conditions have not been suitable for calcrele fom1ation 

since 18 ka. This suggests that the climate of the Western Cape was weuer and wunner 

than present-day prior to the end of lhe last glacial period. TI1is study shows thot the 

calcrele associated with heuwelljies may be used to infer relative systematic changes in 

palaeoclimale and palaeovegetntion conditions during the last glacial period. 
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