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Figure S1.5. Vertical relationship of key Bull Creek profiles.  
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2. Sample processing for nanodiamond analyses 

2.1. Methods  

Nanodiamond extraction began on a series of test samples to verify the extraction 

protocols and to test the extraction equipment.  The test extractions consisted of a pure 

nanodiamond sample obtained from commercial sources and nanodiamond-dosed sediment 

samples.  The TEM analysis of these samples demonstrated successful application of extraction 

protocols and opened the door to begin the extraction and analysis of project samples.  Upon 

completion of the test extraction, a total of 71 samples were processed for nanodiamond 

extraction.  These samples target periods of known environmental perturbations (Figure S1.2) 

and sample depositional settings, including alluvial and aeolian events and pedologic events of 

various duration.   

2.2. Soil Treatment of Concentrating Digestion-Resistant Particles 

For each soil sample selected for acid digestion, particle-size analysis was determined by 

the hydrometer method (19,20,21) after passing through a 2 mm-sized sieve.   Any soil material 

larger than 2 mm was weighed and recorded.   One gram of clay (less than 2 microns, 

concentrated from particle-size analysis) was weighed exactly to the 4th decimal place (1 times 

10 to the minus 4
th

) and placed in a 250 ml polypropylene bottle.  Each 1-gram clay sample 

received a 50 ml treatment of 30% H2O2; one 15 ml treatment of aqua regia; three separate 

treatments of 100 ml 48% HF (reacting over several days); three 100 ml treatments of saturated 

boric acid; and a 100 ml treatment of 0.1 N NH4OH (additional treatments of 0.1 N NH4OH as 

needed to reduce the concentration of HF to less than 3 ppm).  Treatments applied above to 

remove extraneous soil material and concentrate nanodiamonds followed Jackson (22), Sridhar 

and Jackson (23), and Hossner (24; Method for Digestion with Aqua Regia and Hydrofluoric 

Acid in a Closed Vessel, pages 56 and 57).  Decantation was employed to remove solution 

treatment waste.  After the last decantation, the final solution (also containing digestion-resistant 

particles) mass remaining in the 250 ml bottle was recorded.  All samples were treated and 

remained in the initial 250 ml polypropylene bottle until removed for TEM analysis. 

2.3. Preparation of TEM grids 

Nanodiamond samples were initially prepared by agitating the sample solutions in an 

ultrasonic bath for 5 minutes, and then depositing 10 L of sample solution on a TEM grid and 

allowing it to air dry for ~1-3 minutes.  Any remaining solution was then wicked away.  No 

particles that could be confirmed as diamonds were observed on any of the grids prepared using 

this method. 

A second TEM grid preparation method was developed to concentrate digestion-resistant 

particles, which would include nanodiamonds, from the sample solutions.  The solutions were 

again agitated in an ultrasonic bath for 5 minutes, after which three milliliters of sample solution 

were deposited in a centrifuge tube.  A TEM grid was placed in the tube and the tube was gently 

swirled until the TEM grid settled at the bottom of the tube.  The sample was then centrifuged at 

3000 rpm for 30 minutes. The TEM grid was then removed from the tube and any remaining 

solution was wicked away. Grids prepared using this second method contained significantly 

more particles than those prepared using the first method.  Particle densities on some grids were 

too great to allow for accurate investigation. These samples were remounted using the same 

method, but were diluted with ultrapure water prior to centrifugation.  Solution to water dilutions 

ranged from 1:1 to 1:3. 
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2.4. Recovery of cubic nanodiamonds in control experiments 

Control experiments where ~5 nm cubic nanodiamonds purchased from a commercial 

vendor (Dynalene, www.dynalene.com, ND-90) were mixed with Bull Creek soil demonstrated 

recovery of added particles, including the entire expected diffraction pattern for cubic diamond 

(Table S3.1).  These experiments showed that (1) our digestion procedure didn’t destroy cubic 

nanodiamonds, (2) our methods led to the preservation of added diamonds, such that they were 

not lost during a washing / decanting step, and (3) we were able to verify our imaging and 

electron diffraction methods. 

 

Table S3.1. Expected and measured interplanar spacings (in Å) of large putative hexagonal 
diamond grains.  Observations from this study are in shaded columns. 
cubic 
diamond 

observed 
commercial 
nano- 
diamond 

hex- 
diamond 

graphene graphane putative 
hex 
diamond 

n- 
diamond 
Peng et al. 
(25) 

observed 
nano-
diamonds 

  2.18 2.13  2.12-2.18   

2.06 2.06 2.06  2.02 2.01-2.03 2.06 2.06 

  1.92    1.78 1.78 

  1.49      

1.26 1.27 1.26 1.23  1.23-1.24 1.26 1.26 

  1.16  1.17 1.12-1.13   

1.08 1.09 1.09 1.06   1.07 1.06 

0.89 0.91   1.01 1.03 0.90  

0.82 0.83  0.81   0.82  

 

3. Identification of nanodiamonds and carbonaceous grains 

All sample digestion residues had both carbonaceous and non-carbonaceous components.  

The non-carbonaceous often amorphous groundmass contained major elements expected from a 

soil digestion. Additionally, iron oxide and abundant calcium fluoride was observed in several 

samples.  Likely, the calcium fluoride precipitated after the HF treatment and was not from the 

original soil.  EDS mapping revealed nanoparticulate titanium oxide and Pb-bearing particles as 

well. 

3.1. Putative hexagonal diamonds: graphene-graphane 

The basis for the mineralogical identification was electron diffraction.  As the electron 

beam passes through a crystal, it is scattered in all directions (including forward, through the 

sample).  The scattered electron waves destructively interfere, except at special angles directly 

related to the spacings between rows of atoms in the crystals.  This phenomenon is diffraction.  

In an electron diffraction pattern, the distance between the central beam and the diffracted 

electron intensity can be converted to an interplanar spacing.  The set of interplanar spacings, 

describing rows of atoms in various orientations, is compared with a list of interplanar spacings 

determined from X-ray diffraction measurements. Single nanocrystals are poorly suited to crystal 

structure solution by X-ray diffraction.  In the TEM, phases such as graphene, graphane, and n-

diamond that occur uniquely as <10 nm particles present a significant challenge for identification 

(Figure S3.1). 

http://www.dynalene.com/
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Figure S3.1.  (A) Grain identified as 

hexagonal diamond by Kennett et al. (26), 

(B) example of analogous grains found in 

our samples. 

 

 

 

 

Daulton et al. (27) demonstrated that using interplanar spacings from electron diffraction 

leads to ambiguities between nanodiamonds and other carbon phases such as graphene and 

graphane.  One of the criticisms that Daulton et al. use to argue against the identification of the 

hexagonal nanodiamonds is that spots corresponding to the 1.92 and 1.49 Å (the (101) and (102) 

planes) are missing.  Indeed, those spacings should be present in a randomly oriented 

polycrystalline aggregate of lonsdaleite (hex diamond) but are not seen in the Kennett et al. (26) 

work (Figure S3.2). 

 

 
Figure  S3.2.  Examples of TEM images and corresponding electron diffraction patterns of 

putative hexagonal diamonds.  Consistent with cubic diamond, graphene, graphane, graphite, or 

their mixtures.  Diffraction patterns for each grain are located directly below.  The bottom row 

includes a zoomed-in view of the rings corresponding to ~2 Å.  The third grain is an example of 

the split suggested in Daulton et al. (27) to represent a graphene/graphane mixture. 
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Our electron diffraction patterns typically appear similar to those presented by Daulton et 

al. (27), although with variation.  While this is not entirely conclusive (for example, the 

reflection spots could potentially be too weak to observe, although we do not deem this likely), it 

suggests that grains in our samples match graphene/graphane more closely than diamond.  Given 

the interplanar spacings for graphane listed in Table S3.1, we are inclined to agree that this is a 

stronger match since we also do not observe the expected 2.18, 1.92, or 1.49 Å spacings for 

hexagonal diamond.  Another possible interpretation is a mixture of cubic diamond and graphane 

(Table S3.1).  In this case, we are missing the 0.89 Å spacing that we do observe in the 

commercial diamonds.  Figure S3.3 illustrates the close correspondence is between the electron 

diffraction patterns from some of our samples with those identified by Daulton et al. as graphene 

and graphane.  

 

 
Figure S3.3. Comparison of electron diffractions from Daulton et al. (27) with putative 

hexagonal diamonds.  Left column: electron diffraction patterns for polycrystalline graphene 

(solid triangles, top), graphane (open triangles, bottom), and mixtures of graphene/ graphane 

(middle) as given in Daulton et al. (27).  Right: one of our electron diffraction patterns from 

sample BC20 presented at a similar scale.  Note the similarity to the graphene/graphane mixture. 

 

3.2. On the identification of n-diamonds 

Lattice fringes and selected-area electron diffraction patterns of typical observed 

nanodiamonds resulted in spacings coincident with n-diamond as in Peng et al. (25) (Table S3.1, 

Fig. S3.4, S3.5).  The grain sizes and morphologies were generally consistent, with a few 

exceptions.  Sintering, where oblong nanodiamond particles formed by joining multiple sub-

grains, was observed commonly only in two of the samples (LEA 22 and BC 34). BC36 had few 

grains, but much larger grain sizes than those observed in other samples. 
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Figure S3.7. TEM images and Fast-Fourier Transforms (FFTs) of commercial cubic 

nanodiamonds compared to soil digest.  

 

4. Quantification of Nanodiamonds 
 

Sediment digestion residues that were observed to have nanodiamonds were qualitatively 

ranked on an arbitrary scale from 1-3, with 1 referring to samples with few nanodiamonds, and 3 

referring to samples with abundant nanodiamonds.  They were independently ranked by Swindle 

based on observations in conventional TEM and Madden based on observations with HRTEM.  

No sample differed in qualitative rank by more than one level; most samples found agreement.  

In cases of disagreement, the value determined by conventional TEM was chosen due to the 
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much greater area of each grid used to make observations.  Some samples were assigned values 

that straddled the boundary between categories.   

One sample from each qualitative rank was chosen for quantification.  The nanodiamond 

quantification procedures used in this investigation were modified from Kennett et al. (26).  The 

first step of the modified procedure was to determine the concentration of non acid-digestible 

solids in each of the sample solutions.  This was done by weighing empty centrifuge tubes, 

filling them with 9 ml of solution, weighing the full tubes, and centrifuging the tubes at 15,000 

rpm for 1 hour.  After which, the supernatant was poured off, and the tubes were allowed to air 

dry before being reweighed.  Once the concentration of non acid-digestible solids in 9 ml of 

sample was determined, total non acid-digestible concentrations (Cinit) were calculated for the 

three samples selected for quantification.  Nanodiamond counts were then made for each of the 

three samples using TEM.  For each sample, 21 grid windows were examined for the presence of 

nanodiamonds.  For windows containing nanodiamonds, the percentage coverage of 

nanodiamonds was estimated as was the ratio of nanodiamonds to amorphous/non-diamond 

material.  Arithmetic means for nanodiamond percent coverage (NDcov) and nanodiamond to 

other material ratios (NDratio) were calculated for each sample, as was a percentage of TEM grid 

windows containing nanodiamonds (WND).  Final nanodiamond concentrations were calculated 

using the equation: 

 

ND(ppm) = Cinit*WND*NDcov*NDratio 

 

 Calculated concentrations corresponding to qualitative ranks of 1, 2, and 3, were 0.5, 1.9, 

and 190 ppm, respectively.  Samples with a qualitative rank represent ‘spikes’ in the 

nanodiamond distribution, outpacing even a logarithmic relationship between qualitative and 

quantitative measurements (Figure S4.1). 

 

Next, the concentrations (ppm) determined by quantification were applied to the broader 

suite of samples.  Samples assigned 

intermediate qualitative values (i.e., 1-2) 

were assigned ppm  

 

 

 

 

Figure S4.1. Comparison of qualitative 

ranking with quantitative concentration.  

Quantitative axis is logarithmic. 

 

 

 

 

 

concentrations intermediate between the two categories.  The ‘Bull Creek’ profile, corresponding 

to the same working face as that studied by Kennett et al. (26), represents a continuous series of 

extracted samples from BC19 (oldest) to BC52 (youngest).  The distribution of nanodiamonds is 
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described by spikes at BC20 and BC51-52, with much smaller concentrations observed in C23-

25 and BC34-36 and BC 38 (Figure S4.2). 

 
Figure S4.2. BC profile nanodiamond distribution with (A) linear and (B) log scales. 

 

Additional samples were analyzed in other profiles in the Bull Creek area.  No 

nanodiamonds were found in “Blue Mound” samples.  Out of six “Hearth” samples, 

nanodiamonds with qualitative rank of ‘1’ were found in three.  Diamonds were much more 

abundant in the “Leavengood” samples, as suggested by the data in Table 1. 

 

5. Calculations of surface exposure ages. 
 

Time of surface exposure of containing units was estimated to determine if ND presence 

is simply a result of cosmic NDs settling on Earth’s surface and accumulating over time. This 

test was only applied to Bull Creek I. In this case radiocarbon ages obtained from soil organic 

matter are assumed to represent soil burial ages. The time a soil was present at the surface was 

estimated by subtracting its age from the age of the soil below it. In theory, the longer a soil is 

present at the surface, the more abundant NDs within it should be. However no correlation was 

found between ND abundance and surface 

exposure time (Figure S5.1).  

 

 

 

 

Figure S5.1. Nanodiamond abundance versus 

estimated exposure time of the sample exposed 

at the depositional surface. Sample labels 

correspond to sample numbers in Table 1. 

1(BC1 52& 51), 2 (BC1 46), 3 (BC1 43), 4 

(BC1 36), 5 (BC1 30), 6 (BC1 28), 7 (BC1 26), 

8 (BC1 21), 9 (BC1 20), and LEA 19 (LEA 19). 

“YD” corresponds to the Younger Dryas 

boundary. 
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6. Relation to cultural artifacts 
 

The vertical distribution of cultural artifacts (burned and unburned) are plotted against 

nanodiamond frequency for the BCI samples (Figure S6.1). 

 
Figure S6.1. Comparison of lithic cultural material quantity with nanodiamond occurrence at 

BC1. 
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