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INTRODUCTION 
 

 This paper describes a short-term experiment to measure the thermal diffusivity of 
dry desert sand, as an aid in computing effective hydration temperature (EHT) of 
obsidian. The experiment was conducted in Ridgecrest, California, between 17 July and 6 
August 2007. 
 

THEORY 
 

 The theory of heat conduction in the surface of the earth has been well described 
by Carslaw and Jaeger (1959); the following discussion is based on their pp. 64-70 and 
81-85. The surface of the earth is subjected to periodic heat flux due to solar radiation, in 
a manner which is approximately sinusoidal with time. The temperature at the surface can 
be described to any desired degree of accuracy by a Fourier series. Not surprisingly, the 
dominant frequency components are a constant plus sine waves at periods of 365 days 
and 24 hours. It has been shown that the EHT of an obsidian artifact can be computed 
from the magnitude of these three terms (Rogers 2007a; n.d.) 
  The sinusoidal temperature variation of the surface propagates into the ground; as 
it propagates, it is attenuated with depth, and also phase-shifted relative to the input at the 
surface. It can be shown that the variation of a spectral component of frequency f is given 
by 
 
 V = V0exp(-Kz)sin(ωt-Kz)       (1) 
 
where V is the variation at depth z, V0 is variation at the surface, ω is the angular 
frequency of the variation =2πf, and K is given by 
 
 K = (ω/2κ)1/2.         (2) 
 
Here κ is a parameter which is a property of the material, called the thermal diffusivity. 
 The phase shift of the temperature variation (Kz in the sine term) is not of interest 
here, but the attenuation with depth is, because it affects two of the parameters used in 
computing EHT, annual variation and mean diurnal variation. 
 It is notable that the attenuation with depth varies inversely with the square root of 
the period. Thus, if it can be measured at one frequency, such as diurnal, it can be 
inferred for other frequencies. The experiment described here measured attenuation at a 
period of 24 hours. 
 

EXPERIMENT 
 

 Three temperature sensors were employed, all Hobo pendant loggers (Onset 
Computer corporation part no. UA-001-64). Hobo pendant loggers are environmentally 
sealed sensors which record temperature at user-specified intervals. The sensors have a 
rated temperature range of  -20ºC to +70ºC , with an accuracy of 0.47ºC and a resolution 
of 0.1ºC (Onset 2006). Read-out is accomplished by an optical coupler to a PC via a USB 
port. 
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 One logger was mounted to measure air temperature, one was installed at the 
surface of the ground, and one was buried at 50 cm depth. The air temperature sensor was 
mounted at a height of 5 ft. above a lawn. It was shielded by a solar radiation shield 
(Onset Computer corporation part no. RS-1), and the location was in shade for 
approximately half of each day. The surface sensor was buried at a depth of <5cm in dry 
desert sand, 20 ft south of the air temperature sensor. The shallow burial was to ensure 
that absorption of solar radiation was by the sand and not the sensor itself. The depth 
sensor was buried in dry desert sand 50 cm deep, below the surface sensor. The location 
of the surface sensors was also in shade for approximately half of each day. 
 Sensors were installed on 17 July 2007, logging at an interval of one hour, and 
were removed and read out on 6 August 2007. Appendix A summarizes the diurnal 
variation; data records are in Appendix B. 
 

DATA ANALYSIS 
 

 Data from each sensor were aggregated by 24-hour day (0000 – 2300), and 
maximum, minimum and daily range computed. It was found that the data from 50 cm 
depth were only a factor of 2 above the resolution limit of the sensor, and was less than 
the accuracy specification for the sensor. These data must therefore be treated with 
caution, although they were used for analysis nonetheless. Appendix A summarizes the 
results.  
 The mean variation of surface temperature (16.73ºF) is less than the mean air 
temperature variation (18.56ºF), which differs significantly from the results of Amargosa 
Desert Research Site (ADRS) data collection (Rogers n.d.). ADRS data showed mean 
diurnal variation at the surface was 9.9ºC than for air temperatures. This discrepancy in 
results is probably because the surface sensor in this case was in an area with periodic 
shade, while that at ADRS was not. 
 The key parameters for assessing depth attenuation are the values of mean diurnal 
variation, which are 16.73ºC at the surface and 0.236ºC at 50 cm depth. Attenuation with 
depth is computed from the equation 1 by ignoring the sine term and rearranging: 
 
 K = ln(V0/V)/z.        (3) 
 
For this case data, K is found to be 8.5 m-1 (or 8.5 × 10-2 cm-1). Since there is an 
uncertainty of ±~2cm in depth measurement, the accuracy of K accuracy is about ±1 m-1.  
Thermal diffusivity κ is computed from equation 2, and is found to be 0.005 ± 0.001 
cm2/sec. Further, since the attenuation varies inversely with the square root of the period, 
the K value for annual variation is 8.5/√365 or 0.44 m-1. 
 

DISCUSSION 
 
 The implications of these data are significant, because they suggest that dry desert 
sand is an excellent thermal insulator (a fact of which builders of thermally-efficient 
houses are already aware). Carslaw and Jaeger (1959:497, Appendix VI) report the 
thermal diffusivity of dry sand (8% moisture) to be 0.0033 cm2/sec, and average soil to 
be 0.0046 cm2/sec. The results of the present experiment lie closer to the average soil 
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value, which is difficult to understand, since the sand where the experiment was 
performed was powder-dry. The discrepancy may be due to operating so close to the 
limits of sensor accuracy. 
 Carslaw and Jaeger (1959:81) also report that, on a global average, the annual 
temperature variation is reduced to 0.1 of its surface value at a depth of 20 m, based on 
the thermal diffusivity of rock; for diurnal variation the depth is about 1 meter (1959:81). 
However, computation shows that, for the conditions of the present experiment, the 
corresponding depths are data only 5 m and 0.25 m respectively.  
 These results are significant for EHT computations in obsidian. Consider the case 
of EHT for conditions similar to those at INY-30. Mean annual temperature (Ta) is 
assumed to be 16ºC, annual variation (Va) is 22ºC, and mean diurnal variation (Vd) is 
15ºC. The surface is assumed to be subject to intermittent shade, so the air and surface 
temperatures are equal. Effective hydration temperature is then 
 
 EHT = Ta(1-3.8×10-5 Y) - .0096Y 0.95      (4a) 
 
where 
 
 Y = Va

2 + Vd
2         (4b) 

 
These conditions yield an EHT of 20.5ºC at the surface (Rogers 2007a).  
 However, for buried artifacts the EHT is different, because the variation terms 
vary with depth (equation 1). For the conditions of this experiment,  
 
 Va = Va0exp(-0.44z)        (5) 
 
and  
 
 Vd = Vd0exp(-8.5z)        (6) 
 
where z is depth in meters and the subscript zero refers to conditions at the surface.  
Figure 1 shows the effect of depth on temperature variation and on EHT. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1. Attenuation of temperature variation with 
depth, and its effect on EHT. 
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 EHT affects the hydration rate and hence the thickness of the hydration rim after 
an interval of time; hydration proceeds more slowly at lower EHT. Thus, if two artifacts 
are created at the same time, and one buried at a depth z while the other remains on the 
surface, the buried artifact will develop a smaller rim than the one on the surface. The 
difference can be computed by the rim correction factor (RCF) given by 
 
 RCF = exp(-0.6*(EHT – EHTz))      (7) 
 
where EHT is the effective hydration temperature of the buried artifact, and EHTz is the 
effective hydration temperature at the surface. The procedure for correcting for burial 
depth is, first, to compute EHTz for the surface, based on surface conditions, using 
equations 4a and 4b. For an artifact with rim thickness x0, recovered from depth z, one 
next computes the Va and Vd for that depth using equations 5 and 6, then uses these 
values in equations 4a and 4b to compute EHT. Rim correction factor is then computed 
from equation 7, and finally the corrected rim computed as 
 
 x = x0 × RCF         (8) 
 
The value of x now reflects the rim thickness which would have been measured if the 
artifact had been on the surface the whole time. Figure 2 shows the RCF for the 
temperature conditions of Figure 1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Note that, at a depth of 100 cm, the RCF is 1.2; this implies that, if depth correction is 
ignored and age computed based on the uncorrected rim, the rim thickness is 20% in error 
and the corresponding age computed from a quadratic formula will be 31% in error.

Figure 2. Rim correction factor as a function of depth, for the 
temperature conditions of Figure 1. 
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APPENDIX A 
DATA SUMMARY 

 
 
 
 

Max Min Delta Max Min Delta Max Min Delta
7/18/2007 0:00 113.59 82.69 30.90 88.65 88.10 0.55 99.29 66.19 33.10
7/19/2007 0:00 113.36 81.80 31.57 88.28 87.73 0.55 98.31 63.80 34.51
7/20/2007 0:00 112.91 80.74 32.18 88.10 87.55 0.55 99.29 62.94 36.35
7/21/2007 0:00 114.04 80.03 34.01 87.73 87.19 0.55 101.89 61.40 40.49
7/22/2007 0:00 117.03 81.98 35.05 87.55 87.19 0.37 104.33 72.03 32.31
7/23/2007 0:00 100.28 89.76 10.53 87.92 87.37 0.55 95.78 71.00 24.79
7/24/2007 0:00 115.41 83.58 31.83 87.73 87.37 0.37 99.49 67.56 31.93
7/25/2007 0:00 116.10 84.30 31.81 87.92 87.55 0.36 100.68 65.85 34.83
7/26/2007 0:00 115.18 85.19 29.98 88.10 87.73 0.37 101.28 70.82 30.46
7/27/2007 0:00 115.87 85.92 29.95 88.28 87.92 0.37 102.90 68.42 34.48
7/28/2007 0:00 117.50 85.92 31.58 88.65 88.28 0.37 102.09 65.00 37.09
7/29/2007 0:00 117.03 86.28 30.75 89.02 88.47 0.55 105.99 74.79 31.20
7/30/2007 0:00 118.21 87.73 30.47 89.20 88.83 0.37 106.21 68.08 38.13
7/31/2007 0:00 119.40 86.46 32.94 89.38 89.02 0.37 102.90 66.54 36.36
8/1/2007 0:00 105.79 87.73 18.05 89.57 89.20 0.37 97.92 69.62 28.29
8/2/2007 0:00 117.50 84.47 33.02 89.20 88.83 0.37 102.09 65.85 36.24
8/3/2007 0:00 117.73 85.74 32.00 89.20 88.83 0.37 104.54 67.56 36.98
8/4/2007 0:00 118.44 85.01 33.43 89.38 89.02 0.37 103.72 67.74 35.98
8/5/2007 0:00 117.26 85.01 32.25 89.38 89.02 0.37 101.28 80.03 21.25

Surface, deg F 50 cm, deg F Air, deg F
Mean 30.12 Mean 0.424 Mean 33.41
StDev 5.87 StDev 0.087 StDev 4.72
Max 35.05 Max 0.551 Max 40.49
Min 10.53 Min 0.363 Min 21.25
Range 24.53 Range 0.188 Range 19.24
CV 0.19 CV 0.205 CV 0.14

Surface, deg C 50 cm, deg C Air, deg C
Mean 16.73 Mean 0.236 Mean 18.56
StDev 3.26 StDev 0.048 StDev 2.62
Max 19.47 Max 0.306 Max 22.49
Min 5.85 Min 0.202 Min 11.81
Range 13.63 Range 0.104 Range 10.69
CV 0.11 CV 0.114 CV 0.08

Statistics of 
diurnal variation, 
deg C

Surface, deg F 50 cm depth, deg F Air, deg FTime, GMT-
08:00

Statistics of 
diurnal variation, 
deg F
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APPENDIX B 
DATA TABLES AS RECORDED 

(9 pages) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 


