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Introduction  

The Madjedbebe (Malakunanja II) archaeological site, located along the East Alligator River in Arnhem 

Land, Northern Australia, may contain evidence of the earliest human occupation of the Australian 

continent. The site has been excavated three times, in 1972 (Kamminga and Allen 1973), 1989 (Roberts 

et al. 1990) and most recently in 2012 by a team led by Dr. Chris Clarkson (Clarkson et al. 2015). The 

lowest artifacts at the site are bracketed by thermoluminescence (TL) dates of 61 +/- 11 and 65 +/- 14 

ka, and a lens of densely concentrated of artifacts is stratigraphically higher and is bracketed by dates of 

52 +/- 11 ka and 61 +/- 9 ka (Roberts et al. 1990a). These dates are potentially older than the roughly 50 

ka age which is accepted for many other early Australian sites (O’Connell and Allen 2004).  

It has been proposed that Madjedbebe represents a terminus for the migration of modern humans from 

Africa into Southeast Asia and Sahul (Clarkson et al. 2015). Given these dates, Madjedbebe has the 

potential to provide insight into possible climate and environmental conditions that may have prompted 

the movement of modern humans into Australia for the first time.  

A previous study (Clarkson et al. 2015) documents a pattern of technological change through time 

observed in the lithic artifacts, particularly a distinct rise of quartz artifacts as a percentage of total 

artifacts, which occurs at approximately 25ka. Although the authors are able to statistically establish this 

change in lithic technology, they are not able to provide a theory for what prompted the change. These 

findings provide another incentive to better understand the environmental history of the site, since 

changing conditions in the environment may correlate with technology change and allow for arguments 

about human technological adaptation during the late Pleistocene.  

Madjedbebe is located on the NW edge of the Arnham Land plateau, a vertically-jointed expanse of 

sandstone a quartzite that has weathered into exposed ridges and deep valleys. As a result, the modern 

vegetation cover in this region dominated by communities of open-woodland shrubby plants such as 

Acacia, Asteromyrtus, and Hibiscus, with scattered trees such as Eucalyptus and Gardenia (all of which 

are C3 families). These shrubby communities are interspersed with Triodia and Sorghum grasses, which 

are both C4 families (Yibarbuk et al. 2001). A previous study has been able to successfully differentiate 

between these ecologies using stable carbon isotopes preserved in soils elsewhere in Australia (Bowman 

et al. 2007).  

This most recent excavation (by Clarkson et al. in 2012) collected samples of bulk sediment from 5 cm 

intervals down five sections of the site. This study is the first to perform analysis on the stable carbon 



isotope ratios of the Madjedbebe sediment samples. The aim of this study is to reconstruct the 

vegetation history (and by proxy, the climate history) of the region of the Madjedbebe site.  

 

 

Methods 

 

The samples were prepared in accordance with the protocol of the University of Washington’s 

Geoarchaeology Lab and as described in Biedenbender et al. 2004. The 64 sediment samples were 

retrieved at 5 cm intervals from the southwest section of the excavation, starting at the surface and 

descending to 320 centimeters below the surface (cmbs). The sediment was sieved to remove the >2mm 

fraction. All visible plant roots were picked out using tweezers, although the roots were only present in 

the samples from the uppermost levels.  The remaining material was ground with a mortar and pestle 

and then treated with 1 M HCl to remove inorganic carbonates. The samples were allowed to sit in acid 

for at least 12 hours, and more acid was added if the samples reacted vigorously. The samples were 

rinsed three times and dried in a drying oven. The dried sediment was agitated to ensure a homogenous 

mixture, and then weighed into tin capsules for analysis in the mass spectrometer. A preliminary run of 

the mass spectrometer was conducted to assess the carbon content of the samples, and masses of 

sample material were chosen to ensure that the mass of carbon in each drop would be within the range 

that could be accurately read by the instrument.   

In parallel with this process, two “blank” samples were prepared. Both blanks were prepared from 

material which was ground in a mortar and pestle and heated to 1000 degrees C in the muffler furnace 

to ensure it contained no carbon whatsoever. “Blank #1” was then weighed for analysis in the mass 

spectrometer (to test the accuracy of the instrumentation), and “Blank #2” was subjected to the same 

sample preparation process as the other samples, to measure carbon inadvertently added during 

sample preparation.  

The weighed samples were analyzed on a Costech Elemental Analyzer on a Finnigan 253 Mass 

Spectrometer located at the IsoLab in the University of Washington Department of Earth and Space 

Sciences. The samples were run in the mass spectrometer following protocol suggested by the lab 

manager. The samples were run out of order to insure against drift in the instrument over the run, and 

empty tin capsules were run in order to correct for carbon in the tin.  

 

 

Results  

 

In total, 74 analyses were performed on 64 samples in the course of three runs on the mass 

spectrometer. A preliminary run was performed to gauge the approximate carbon content of the 

samples in order increase accuracy of the future runs. Where analyses were replicated (see table 3), the 

entire sample preparation process was repeated from the beginning, with the exception of the sample 



from 255 cmbs. Replicated analyses were performed twice when possible (the original and two 

replicates) for a total of three runs.  

 

Table 1 Full d13C and carbon content results for 64 analyzed samples, including replicates  

 

A correction was applied for the carbon found within the tin capsules used to feed the sample material 

into the mass spectrometer. The correction was obtained by including several empty tin capsules in each 

run and calculating the average d13C for the tin. The greatest correction was 1.63 per mil (sample ID 

355_1) and the least correction 0.02 (sample ID 210_1). Correction generally increased with sample 

depth, which is to be expected given that the percent carbon content of the samples decreased with 

Sample Tracking

Analysis Date Analysis # Sample

depth 

(cmbs)

PeakArea C 

(Vs) Percent C

Percent C 

Accuracy

Percent C 

Precision

d13C vs VPDB 

(permil) 

uncorrected for tin d13C Accuracy d13C Precision

d13C vs VPDB 

(permil) 

CORRECTED for tin

ammount 

corrected (per 

mil)

error term (for 

replicated 

samples)

20160406 73412 100_1 0 531.695 2.0072 4.3767 5.9289 -25.3354 0.017886 0.07616 -25.2757 0.05967

20160406 73414 105_1 5 852.821 2.9227 4.3767 5.9289 -25.1201 0.017886 0.07616 -25.0800 0.04007

20160406 73416 110_1 10 575.813 2.0484 4.3767 5.9289 -25.0893 0.017886 0.07616 -25.0288 0.06046

20160406 73417 115_1 15 561.343 2.1146 4.3767 5.9289 -24.8496 0.017886 0.07616 -24.7821 0.06752

20160406 73418 120_1 20 491.518 1.5695 4.3767 5.9289 -25.1848 0.017886 0.07616 -25.1162 0.06861

20160406 73423 125_1 25 348.945 1.2616 4.3767 5.9289 -24.75 0.017886 0.07616 -24.6361 0.11386

20160406 73424 130_1 30 389.424 1.1988 4.3767 5.9289 -24.6322 0.017886 0.07616 -24.5267 0.10554

20160406 73425 135_1 35 530.478 1.61 4.3767 5.9289 -24.488 0.017886 0.07616 -24.4077 0.08029

20160406 73426 140_1 40 330.687 1.2149 4.3767 5.9289 -24.4106 0.017886 0.07616 -24.2769 0.13375

20160406 73427 145_1 45 493.344 1.4049 4.3767 5.9289 -24.1879 0.017886 0.07616 -24.0936 0.09430 0.1876

20160407 73530 145_2 45 473.75 1.302 -8.9486 10.6692 -23.7505 0.002863 0.30913 -23.6403 0.11018 0.1876

20160407 73531 145_3 45 410.738 1.055 -8.9486 10.6692 -23.8473 0.002863 0.30913 -23.7227 0.12457 0.1876

20160406 73428 150_1 50 349.865 1.0033 4.3767 5.9289 -24.4159 0.017886 0.07616 -24.2900 0.12595

20160406 73432 155_1 55 455.129 1.2391 4.3767 5.9289 -24.3332 0.017886 0.07616 -24.2349 0.09833

20160406 73433 160_1 60 241.011 0.65635 4.3767 5.9289 -24.8571 0.017886 0.07616 -24.6953 0.16177

20160406 73434 165_1 65 233.106 0.66817 4.3767 5.9289 -25.5146 0.017886 0.07616 -25.3843 0.13026

20160406 73435 170_1 70 183.33 0.49859 4.3767 5.9289 -25.3141 0.017886 0.07616 -25.1312 0.18291

20160406 73436 175_1 75 240.762 0.62029 4.3767 5.9289 -25.4616 0.017886 0.07616 -25.3328 0.12880

20160406 73437 180_1 80 195.828 0.55974 4.3767 5.9289 -25.8783 0.017886 0.07616 -25.7464 0.13191 0.1595

20160407 73538 180_2 80 279.055 0.56561 -8.9486 10.6692 -25.5061 0.002863 0.30913 -25.3979 0.10820 0.1595

20160407 73540 180_3 80 207.44 0.43857 -8.9486 10.6692 -25.7954 0.002863 0.30913 -25.6660 0.12938 0.1595

20160406 73442 185_1 85 162.69 0.4361 4.3767 5.9289 -25.8942 0.017886 0.07616 -25.7345 0.15970

20160406 73443 190_1 90 250.831 0.59316 4.3767 5.9289 -25.698 0.017886 0.07616 -25.5871 0.11094

20160406 73444 195_1 95 119.453 0.37207 4.3767 5.9289 -25.96 0.017886 0.07616 -25.7434 0.21656

20160406 73445 200_1 100 290.775 0.69793 4.3767 5.9289 -25.4965 0.017886 0.07616 -25.3924 0.10408

20160406 73447 205_1 105 141.45 0.36305 4.3767 5.9289 -25.7903 0.017886 0.07616 -25.5942 0.19609

20160406 73448 210_1 110 211.758 0.51222 4.3767 5.9289 -27.5327 0.017886 0.07616 -27.5153 0.01742 0.7731

20160407 73539 210_2 110 145.281 0.25583 -8.9486 10.6692 -25.869 0.002863 0.30913 -25.6860 0.18301 0.0242

20160407 73541 210_3 110 129.801 0.23805 -8.9486 10.6692 -25.9174 0.002863 0.30913 -25.7154 0.20200 0.0242

20160406 73449 215_1 115 282.247 0.60612 4.3767 5.9289 -25.2304 0.017886 0.07616 -25.1107 0.11972

20160406 73450 220_1 120 134.576 0.32615 4.3767 5.9289 -25.4849 0.017886 0.07616 -25.2464 0.23846

20160406 73451 225_1 125 127.452 0.31653 4.3767 5.9289 -25.4775 0.017886 0.07616 -25.2235 0.25404

20160406 73452 230_1 130 173.181 0.37201 4.3767 5.9289 -25.4106 0.017886 0.07616 -25.2237 0.18695

20160407 73468 235_1 135 133.009 0.22562 1.9203 14.5369 -25.3617 -0.08504 0.37948 -25.1073 0.25436

20160407 73465 240_1 140 75.265 0.11025 1.9203 14.5369 -25.9188 -0.08504 0.37948 -25.5415 0.37729

20160407 73469 245_1 145 112.716 0.17053 1.9203 14.5369 -25.43 -0.08504 0.37948 -25.1327 0.29734

20160407 73466 250_1 150 112.74 0.16865 1.9203 14.5369 -25.5774 -0.08504 0.37948 -25.2985 0.27886

20160406 73415 255_1 155 187.795 0.3888 4.3767 5.9289 -25.0851 0.017886 0.07616 -24.8905 0.19461

20160407 73467 260_1 160 162.54 0.26174 1.9203 14.5369 -25.2121 -0.08504 0.37948 -24.9953 0.21677

20160406 73413 265_1 165 118.093 0.26715 4.3767 5.9289 -25.4138 0.017886 0.07616 -25.1297 0.28412

20160407 73470 270_1 170 115.465 0.16004 1.9203 14.5369 -25.3671 -0.08504 0.37948 -25.0701 0.29705 0.2106

20160407 73536 270_2 170 87.8 0.12387 -8.9486 10.6692 -25.8108 0.002863 0.30913 -25.4784 0.33243 0.2106

20160407 73546 270_3 170 112.568 0.16219 -8.9486 10.6692 -25.3609 0.002863 0.30913 -25.0545 0.30642 0.2106

20160407 73474 275_1 175 114.964 0.15727 1.9203 14.5369 -25.3682 -0.08504 0.37948 -25.0698 0.29837

20160407 73475 280_1 180 115.484 0.15559 1.9203 14.5369 -25.3346 -0.08504 0.37948 -25.0337 0.30094

20160407 73476 285_1 185 85.692 0.10921 1.9203 14.5369 -25.546 -0.08504 0.37948 -25.1587 0.38731

20160407 73477 290_1 190 127.506 0.1712 1.9203 14.5369 -25.2533 -0.08504 0.37948 -24.9750 0.27833

20160407 73478 295_1 195 122.1 0.15756 1.9203 14.5369 -25.0409 -0.08504 0.37948 -24.7246 0.31633

20160407 73479 300_1 200 102.255 0.12986 1.9203 14.5369 -25.379 -0.08504 0.37948 -25.0399 0.33912

20160407 73480 305_1 205 120.094 0.14722 1.9203 14.5369 -25.4083 -0.08504 0.37948 -25.1288 0.27947

20160407 73484 310_1 210 71.442 0.075862 1.9203 14.5369 -25.6327 -0.08504 0.37948 -25.1701 0.46255

20160407 73485 315_1 215 66.151 0.070633 1.9203 14.5369 -25.7563 -0.08504 0.37948 -25.2770 0.47933

20160407 73486 320_1 220 46.448 0.043586 1.9203 14.5369 -26.1606 -0.08504 0.37948 -25.5521 0.60852

20160407 73487 325_1 225 43.965 0.040393 1.9203 14.5369 -25.8419 -0.08504 0.37948 -25.0585 0.78343

20160407 73488 330_1 230 51.121 0.047876 1.9203 14.5369 -25.8993 -0.08504 0.37948 -25.2797 0.61959

20160407 73489 335_1 235 47.783 0.045012 1.9203 14.5369 -26.0923 -0.08504 0.37948 -25.4826 0.60973

20160407 73490 340_1 240 39.582 0.033965 1.9203 14.5369 -25.9015 -0.08504 0.37948 -25.0188 0.88274

20160407 73491 345_1 245 37.669 0.030989 1.9203 14.5369 -26.2451 -0.08504 0.37948 -25.4662 0.77887

20160407 73495 350_1 250 44.692 0.040274 1.9203 14.5369 -26.1508 -0.08504 0.37948 -25.5053 0.64554

20160407 73496 355_1 255 30.48 0.021954 1.9203 14.5369 -25.4701 -0.08504 0.37948 -23.8394 1.63073 0.5182

20160407 73537 355_2 255 29.159 0.024847 -8.9486 10.6692 -26.6632 0.002863 0.30913 -25.8005 0.86266 0.1105

20160407 73532 355_2 255 28.977 0.025029 -8.9486 10.6692 -26.4421 0.002863 0.30913 -25.4017 1.04036 0.1105

20160407 73498 360_1 260 34.869 0.025466 1.9203 14.5369 -25.9405 -0.08504 0.37948 -24.8935 1.04704

20160407 73499 365_1 265 31.839 0.022255 1.9203 14.5369 -26.5291 -0.08504 0.37948 -25.6992 0.82988

20160407 73500 370_1 270 29.607 0.019356 1.9203 14.5369 -26.5118 -0.08504 0.37948 -25.5609 0.95095

20160407 73517 375_1 275 40.46 0.039009 -8.9486 10.6692 -26.5411 0.002863 0.30913 -25.9726 0.56846

20160407 73519 380_1 280 27.363 0.02291 -8.9486 10.6692 -26.4553 0.002863 0.30913 -25.3130 1.14234

20160407 73520 385_1 285 27.94 0.022441 -8.9486 10.6692 -26.3068 0.002863 0.30913 -25.0867 1.22014

20160407 73521 390_1 290 30.895 0.02541 -8.9486 10.6692 -26.43 0.002863 0.30913 -25.4900 0.94002

20160407 73522 395_1 295 29.787 0.02392 -8.9486 10.6692 -26.9118 0.002863 0.30913 -26.2607 0.65107

20160407 73516 400_1 300 32.213 0.025737 -8.9486 10.6692 -27.8534 0.002863 0.30913 -27.8810 -0.02762

20160407 73527 405_1 305 33.622 0.027448 -8.9486 10.6692 -26.4003 0.002863 0.30913 -25.5641 0.83617

20160407 73528 410_1 310 29.063 0.021705 -8.9486 10.6692 -26.3519 0.002863 0.30913 -25.2487 1.10320

20160407 73529 415_1 315 36.764 0.028287 -8.9486 10.6692 -26.2287 0.002863 0.30913 -25.4123 0.81641

20160407 73518 420_1 320 29.184 0.021673 -8.9486 10.6692 -26.4927 0.002863 0.30913 -25.5033 0.98943



increasing depth (see figure 1). The greatest carbon content was 2.9% (sample ID 105_1) and the least 

was 0.02% (sample ID 370_1). The average percent carbon found in the each of the blanks was 0.03%, 

although the majority of the blanks contained carbon in the same quantity as the empty tin capsules. 

We are therefore confident that the samples were not contaminated with modern carbon during sample 

preparation.  

Table 2 Carbon content in “blanks” compared to empty tin capsules 

  % Carbon Content 

ID description Trial #1 Trial #2 Trial #3 Average 

Blank_1 No sample 
preparation 

0.0709 0.0027 0.0067 0.0267 

Blank_2 Full sample 
preparation 

0.0764 0.0008 0.0059 0.0277 

Empty Empty tin 
capsules 

 0.004 

 

Figure 1 Carbon content with depth (log scale) 

 

The results of the d13C analysis showed little variation with depth. The greatest fractionation was -27.88 

per mil (sample ID 400_1) and the least was -23.64 (sample ID 145_2). Both of these values are within of 

the expected range for C3 plants (O’Leary 1980). Due to time constraints, replicate analyses were only 



performed on samples from five depths: 45, 80, 110, 170 and 255 cmbs. These depths were chosen after 

an initial run, either because of an outlying data point or because that depth was representative of a 

broader trend in the data. In the cases where there were outliers in the initial run, the two subsequent 

re-analyzes corresponded closely and allowed the exceptional point to be dismissed. Even with outlying 

data points included, the greatest error term on replicated samples was 0.86 per mil. The average 

standard deviation was 0.45 per mil. It should be noted that these values include outliers, and if all the 

samples had been replicated, the average error term would be much less.  

 

Table 3 d13 values and standard deviation for replicated samples  

    d13C   

Depth 
(cmbs) 

Sample 
IDs 

Reason for 
replication 

Trial #1 Trial #2 Trial #3 Average Standard 
Deviation 

45 145_1  
145_2 
145_3 

Representative -24.09 -23.64 -23.73 -23.82 0.20 

80 180_1 
180_2 
180_3 

Representative -25.75 -25.40 -25.67 -25.60 0.15 

110 210_1 
210_2 
210_3 

Outlier -27.52 -25.68 -25.27 -26.31 0.86 

170 270_1 
270_2 
270_3 

Representative -25.07 -25.48 -25.05 -25.20 0.20 

255 355_1 
355_2 
355_2 

Outlier -23.80 -25.40 -25.80 -25.01 0.85 

Average standard deviation among replicated samples: 0.45 

 

 

Discussion  

 

Stable carbon isotope ratios found in sediments at the Madjedbebe site show a history of minor 

vegetation change during the late Pleistocene – Holocene. From the earliest data available 

(approximately 70 ka, at 320 cmbs) to roughly 10 ka, the fractionation was -25.83 per mil with a 

standard deviation of 0.55. This is within the expected range for C3 vegetation described by O’Leary 

(1981), although the fact that the fractionation values are on the low end of that range may indicate a 

contribution from C4 vegetation as well.  

 

Figure 2 Carbon isotope fractionation plotted with respect to depth 



 

Between 10 ka and 5ka there is a clear decline in fractionation.  The minimum amount of fractionation 

occurs at 45 cmbs with a value of -23.64 +/- 0.19 per mil. This is outside of the expected range of 

fractionation values for C3 vegetation (O’Leary 1981). Although this value does not approach the 

expected range of fractionation values for C4 plants, it indicates that during this time C4 vegetation 

made an increased contribution to the carbon content of the Madjedbebe sediments. After 5 ka, the 

fractionation increases to historically normal values. The carbon isotope fractionation at the uppermost 

level is -25.28 per mil, within one standard deviation of the historical average from before the 10 ka 

date.  



 

Figure 3 Data in context with expected C3 and C4 isotopic values from O’Leary 1981

 

Studies of modern ecology have found that relative abundance of C4 grasses vs. C3 grasses increases 

with both temperature and water availability (Murphy and Bowman, 2007). The increased contribution 

of C4 vegetation occurring at 5 ka may be due to a change in climate which produced a hotter or wetter 

growing season. Land management practices used by Aboriginal owners of the land, particularly the use 

of fire to increase diversity on the landscape, may also offer an explanation for changes in relative 

abundances of C4 vs C4 plants (Yibarbuk et al. 2001). Managed fires decrease the abundance of shrubby 

C3 species and allow C4 grasses to flourish. However, this theory does not account for the fact that the 

increased signal from C4 plants occurs only recently, and returns to historical levels.  

It is also possible that sea level changes during the Holocene had an effect on the vegetation present in 

the vicinity of the Madjedbebe site. The site is located near wetlands surrounding tributaries of the 

Eastern Alligator River. If higher sea levels once made this river system estuarine, it may be reflected in a 

change of ecology and a shift in stable isotope values.   

 

Conclusions 

 

The results of this study do not show a correlation between the dates of human arrival in Australia and 

changes in vegetation at the Madjedbebe site. Rather, the vegetation history appears to be highly stable 

for a long duration which includes the window of time during which humans arrived on the continent. 



There is likewise little indication that the arrival of humans at Madjedbebe had a noticeable effect on 

the surrounding vegetation. The vegetation at Madjedbebe for during most of the Holocene and late 

Pleistocene was likely similar to what can be seen today: communities of shrubby C3 families with C4 

grasses appearing in patches or as an understory as a minor contributor to overall carbon isotope ratios.  

These results make it unlikely that significant shifts in vegetation or ecology in the immediate area was 

the driving force behind the change in technology witnessed at Madjedbebe around 25 ka (Clarkson et 

al. 2015). Another explanation is needed to explain the sudden transition in materials used in lithic 

toolmaking – perhaps an explanation related to trade and movement of people within Australia at that 

time, or a response to resource scarcity. In this case, changes in ecology cannot be linked with either the 

arrival of humans to the Madjedbebe site, or a later change in toolmaking technology.  

The slight decrease in fractionation that begins around 10 ka remains unexplained. Further study is 

needed to determine if this change was localized to the Madjedbebe site, or if it correlates with an 

event occurring in a wider region of Norther Australia at the time. This could be achieved by repeating 

the methods of this study at other archaeological sites in the region. It would also be worthwhile to 

compare the results of this stable isotope study with a pollen or photolith study to determine if changes 

in major plant species were occurring without changing the relative abundance of C3 and C4 plants. 

None the less, carbon isotope analysis convenient and valuable tool for identifying large-scale changes in 

environment over long periods of time.  
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