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SHALLOW SUBSURFACE TEMPERATURES AT
SELECTED LOCATIONS IN DELAWARE

by Kenneth D. Woodruff

ABSTRACT

Subsurface temperatures were measured in instrumented
boreholes for about one and one-half years at depths down to 10
feet below land surface at four locations in the State. In New
Castle County, temperatures were measured periodically in the
field about twice a month at three sites, and, in Sussex County,
they were automatically recorded every 15 minutes at one site.
The depths of interest are generally in the unsaturated zone and
are subject to both daily temperature fluctuations and longer
seasonal changes. The magnitude and phase of change in relation
to surface temperatures depend on the type of material and the
depth. The difference in temperature extremes between 4 and 10
feet below land surface may be as much as 8° - 10°F. At 10 feet
temperatures reflect mostly the seasonal trend.

Thermal diffusivity values of the earth materials penetrated
were determined at three of the four locations by measuring the
seasonal temperature lag with depth. The temperature differences
at 6 feet and at 10 feet can be significant in terms of
efficiency of horizontal loop heat pump systems.

INTRODUCTION

Purpose

Subsurface temperature data at shallow depths are often
needed in the design of ground-source heat pump systems,
determination of frost depth, and evaluation of product
performance in buried pipelines. In Delaware, as in most states,
temperature data below the water table are generally available
and often augmented by measurements made in current ground-water
studies. However, there have been few studies of temperatures at
depths shallower than about 10 feet below land surface which, in
much of Delaware, is above the water table.

The purpose of this report is to document, at selected
locations, temperatures that occur over one to two years at
depths of less than 10 feet. The thermal characteristics of the
soil or upper few feet of sediments beneath the study sites were
also determined and the results examined in terms of efficiency
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of heat pump systems. Systems considered here are those that
circulate fluids through lengths of pipe buried horizontally a
few feet below ground surface. The circulating fluids either
extract heat from the earth in the heating mode or give up heat
in the cooling mode.

Previous Work

Temperatures in wells in the unconfined aquifer just south
of Dover were measured by Hodges (1982). His work, directed
toward the use of ground-water source heat pumps, indicates that
water, for the best efficiency, should come from depths exceeding
30 feet below land surface.

Temperatures at greater depths in Delaware and nearby states
were studied by a number of workers (Costain et al., 1979;
Costain and Glover, 1980; Renner and Vaught, 1979' and Woodruff,
1979). Most of these and similar studies were stlmulated by the
U. S. Department of Energy initiative in the late 1970s for
assessing the geothermal energy potential of the eastern United
States.

Belknap (1979) measured a yearly integrated temperature in
2-meter (6.6 feet) deep auger holes at several locations along
the east coast, including one location in Delaware. He used a
probe containing a sucrose solution that changes optical
characteristics with temperature (Pallman method) and found that
the ground temperatures approximated the mean annual air
temperature.

Soil temperatures at depths to 30 inches below land surface
have been measured at Georgetown since January 1986 by the
Department of Agricultural Engineering at the University of
Delaware. Data from that study supplement those generated in the
present investigation.
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BACKGROUND

Heat sources from within the earth generally govern
temperatures deeper than a few tens of feet below land surface.
Temperatures at the shallower depths investigated in this study
are, to varying extents, influenced by atmospheric processes.
Diurnal and hourly variations in temperature are generally
attenuated at depths of a few feet, but yearly variations may be
detected to depths of between 50 to 75 feet. Seasonal extremes
longer than days to weeks further complicate the temperature
regime at shallow depths and may be superimposed on the longer
wavelength yearly variations.

The propagation of heat through the subsurface depends on
the thermal diffusivity of the earth materials which in turn
depends on the material density, water content, and specific
heat. Diffusivity and change of temperature with depth are
related according to the following expression (Olmsted, 1977)

X P
tx - to= 7 \[7o0 ()

where: 2
cy = thermal diffusivity (cm*/sec)
P = period of one temperature cycle (sec)
ty-ty, = time difference in temperature lag from a point
on the surface to base of layer X (sec)
4 = thickness of layer X (cm).

If the thermal diffusivity is known it can be used to
calculate the time lag of the seasonal surface temperature
variation with depth. A related equation can also be used to
calculate the temperatures at any given depth for a given
diffusivity. The top of layer X is usually the ground surface,
and, thus, average surface temperatures are needed to apply the
equations. The equations predict that the time lag for downward
propagation of a heat wave increases linearly with depth and that
the amplitude of the wave decreases exponentially with depth.
There are few values of thermal diffusivity in the literature.
Instead, the thermal conductivity (K) is usually determined from
core samples, and diffusivity can then be calculated from the
relationship: ‘

= K
where: p = bulk density
c = specific heat.



SITE CHARACTERISTICS AND INSTRUMENTATION

Sites in New Castle County (Fig. 1) were selected mainly for
accessibility and security: (1) Newark (University of Delaware
Farm), (2) Blackbird State Forest, and (3) a private residence
northeast of Wilmington. The fourth site was at the University
of Delaware's Agricultural Experimental Station near Georgetown.
Sites 1, 2, and 4 are situated on flat, open terrain and are
underlain by Coastal Plain sediments. Site 3 is partially shaded
and immediately underlain by the weathering products (saprolite)
of crystalline rocks of the Piedmont. All sites are planted in
grass. At the New Castle County sites, Omega 44034 thermistors
were taped at 2-foot intervals to 12-foot long wooden poles
placed in 10-foot deep auger holes. Thermistors were located at
4, 6, 8, and 10 feet below land surface. Each hole was
backfilled with the auger cuttings. Leads from the thermistors
were brought to a weatherproof junction box at the top of the
pole, and resistivity measurements were made periodically with a
digital volt-ohm meter. Before making any series of
measurements, the meter performance was checked against a
standard resistor of known value. Thermistor resistance
measurements were later converted to temperature values.

Thermistor resistance is generally not a linear function of
temperature over the entire, usually broad, temperature range
measured by the thermistor. However, the thermistors used were
selected so that the temperature-resistance relationship was
fairly linear over the relatively narrow range of temperatures
expected in this study.

The water table at the Blackbird site was at approximately
10 feet below land surface when the thermistors were installed.
Thus the 10-foot thermistor may have been below the water table
during at least part of the year. The thermistor at the 4-foot
depth at the Bounds residence ceased to function soon after
installation, and the thermistor at the 6-foot depth
malfunctioned after 6 months of operation.

Thermocouples were used at the Georgetown site and were
installed at depths of 6, 12, 18, and 30 inches below land
surface. Temperatures at the site were automatically read
hourly, stored electronically, and later accessed by telephone.

RESULTS
Plots of temperature measurements vs. depth at each location
are shown in Figures 2-5. For the New Castle County stations,
(nos. 1-3) all available readings were used and the individual
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measurements are given in the Appendix. For the Georgetown
station, noon readings every fifth day of the month were used;
the hourly measurements are available from the Delaware
Geological Survey or from the Department of Agricultural
Engineering at the University of Delaware.

New Castle County

The greatest range of temperatures occurred at the
shallowest depth (Table 1) with progressive dampening of short-
term variations with increasing depth. At 10 feet, temperatures
reflect almost entirely the average seasonal trend of air
temperatures as measured by the National Weather Service at the

Table 1. Observed ground temperature ranges, project duration
(January 1987 - July 1988)

Location and Depth Observed Temp. Range °F A°F
Newark 4' 38.5 - 72.2 33.7
6' 39.9 - 68,5 28.6
8' 43.7 - 66.2 22.5
10" 45,2 - 63.9 18.7
Blackbird 4' 39.3 - 70.5 31.2
6' 42.4 - 68.0 25.6
8' 45,7 ~ 66.1 10.4
10' 47.4 - 63.6 15.2
Wilmington 6' (1) 33.7(?) - 64.9 31.2
(Bounds)
g (2) 41.8 - 63.8 22.0
10' 46.0 - 64.9 18.9
Georgetown 0.5' 33.3 - 87.7 54.4
1.0 35.4 - 85,5 50.1
1.5 36.5 - 81.6 45.1
2.5 39.7 - 79,9 40.2

(1) record incomplete
(2) probably not seasonal low




Greater Wilmington Airport (Table 2). Some of the minor
deviations in the temperature profiles for New Castle County are
probably the result of sampling errors; yearly extremes may not
have been sampled. Figures 2 and 3 show that temperature
extremes at the 10-foot depth lagged behind those at the 2-foot
depth by about 1% to 2 months. This lag is a function of the
thermal diffusivity of the sediments. Freezing temperatures were
not recorded at any of the sites even though the Wilmington
average monthly temperature for January and February 1987 was
just below freezing and for January 1988 it was 27.4°F (see Table
2). There was only occasional snow cover in 1987 and almost none
in 1988.

Table 2. Monthly average air temperatures (degrees Fahrenheit)
at Wilmington, project duration.

(January 1987 - July 1988)

1987 1988
January 31.4 27.4
February 31.9 34.8
March 44 .6 44,2
April 52.3 50.8
May 63.1 62.9
June 73.5 71.6
July 79.1 79.4
August 74.3
September 68.3
October 51.7
November 47.4
December 38.6

-—— s -

Source: National Weather Service

Sussex County

The Georgetown data (Figs. 4-5) show the short-term
variations in temperature superimposed on the seasonal trends.
These data reflect both the greater sampling frequency and the
shallower depths measured as compared with sites 1-3.

Temperature changes are transferred rapidly downward, at least in
the top 2 to 3 feet of material. The time lag of daily
variations was usually negligible between 6 inches and 12 inches,
and a matter of hours between 6 inches and 30 inches. Freezing
temperatures were not recorded as shallow as 6 inches even though
there were several days temperatures did not rise above freezing.
Surface temperatures below 0°F were recorded for a short time on
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the coldest day during the project period. Again, snow cover was
practically nonexistent throughout most of the project period
except for a few days in March 1988,

APPLICATION

Heat Pumps

Horizontal, closed loop heat pump systems are usually less
efficient than vertical systems. Vertical systems are installed
below the water table in conventional wells but horizontal loops
are placed at a nominal depth of about 6 feet below land surface
and thus subject to considerable temperature fluctuations.
However, the temperature differential between 6 feet and 10 feet
may be significant in terms of the efficiency of the system.
Figure 2 and Table 1 indicate that a reasonable difference might
be about 5°F in the Coastal Plain for the New Castle County sites
measured but is probably higher in the Piedmont. The difference
in BTU content of heat extracted at various depths can be
evaluated by:

BTU/min = Q x 8.4 x AT (2)
where:
Q = flow rate of circulating fluid, gallons per minute
AT = difference between source temperature and outside

ambient temperature (°F).

For the Newark site at a depth of 6 feet the coldest
temperature recorded in this study was about 40°F. For a system
flow rate of 12 gallons per minute (gpm) and a design temperature
of 30°F, AT = (40°-30°) = 10° and (2) becomes

BTU/min = 12 x 8.4 x 10 = 1008
or
BTU/day = 1008 x 1440 = 1.2 x 106,
At a depth of 10 feet AT = (45°-30°) = 15° and (2) becomes
BTU/min = 12 x 8.4 x 15 = 1512,

or

BTU/day = 1512 x 1440 = 2.2 x 106,
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Some idea of the value of this difference might be gained by
assuming the BTU cost is the same as for fuel oil, or at 1988
prices, about $7.50 for 1 million BTUs (about 75 cents/gallon).
In the example above, the difference between the 6-foot and 10-
foot depth is about 800,000 BTUs per day or $6.00 at what are
probably extreme temperature conditions.

Figure 2, in particular, shows that the temperatures at 6
feet recovered rapidly during the last half of March and were
higher than temperatures at 8 and 10 feet by the time cooling was
called for, about the last of May. Thus the most cost effective
horizontal systems are those installed as deep as possible.

The temperature difference between 6 and 10 feet appears to
be a minimum of about 5°F from the last half of December through
the beginning of March in the Newark area and from the beginning
of January through the beginning of March at the Blackbird site.
During the summer months the same order of magnitude prevails.
Note that most heat pumps generally are not designed to operate
below a source temperature of about 40°F.

Determination of Thermal Diffusivity

Few, if any, thermal diffusivity values are available for
shallow earth materials in Delaware. Therefore, diffusivity was
determined in this study by using the depth interval between two
thermistors and solving equation (1) for diffusivity. The period
(P) was taken as 1 year, the time for a complete cycle of heating
and cooling. Applying this procedure to the University farm site
in Newark, for example, yields:

P
Tlay) (1)

X
t—t='2-

X

difference in depth between 4-foot and 10- foot
measuring points = 6 ft = 183 cm

ty - t5 = 55 days (time lag from observations)
= 4.75 x 109 sec
P=1year = 3,15 » 107 sec

therefore:

4.75 x 108 = 183\ /3.15 x 107

solving for diffusivity:
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solving for diffusivity:
o = 3.7 % 10-3 cm/sec or approx. 0.004 cmz/sec.

This is a relatively low value and can be indicative of a
sandy clay with 15% moisture content, according to a compilation
of values by Lovering and Goode (1963). The sediment lithology
in which the thermistors were installed is best classified as a
silty to clayey sand and thus is in reasonable agreement with the
Lovering and Goode data.

A similar calculation for the Blackbird si}e gftween 4 and 8
feet gave a comparable galue of about 2.7 x 107 cm“/sec
(approximately 0.003 cm“/sec) (the highest temperature for the
10-foot depth may not have been recorded).

Data from the Georgetown site gor moothed curves gave
diffusivity values of about 1 x 1072 cm“/sec (approximately 0.01
cm“/sec) between various depth intervals and for both high and
low temperature extremes.: These values appear high for Coastal
Plain soils but may be very site specific; therefore, the time
lag of the surface temperature with depth is much less than at
the other sites.

CONCLUSIONS

Minimum subsurface temperatures in northern Delaware
average 8° to 10°F higher at 10 feet below land surface than at 4
feet below land surface. Maximum temperatures at 10 feet appear
to be lower than maximum surface temperature by about the same
amount. Short-term temperature fluctuations are generally
dampened below about 10 feet; only seasonal variations are
apparent at this depth. The time lag between temperature
extremes at 4 feet and 10 feet is on the order of 6 to 8 weeks.
In some areas, temperature lags down to depths of at least 2.5
feet (30 inches) may be very short (hours to 1 or 2 days).
However, particularly in southern Delaware, freezing temperatures
in the subsurface, even as shallow as 2 feet, are probably rare.

Shallow, horizontal loop, heat pump systems are generally
not as efficient as vertical systems. However the efficiency of
both the heating and cooling functions of the horizontal system
could be improved by installing the loops as deep as possible.
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APPENDIX

Measured Temperatures (Degrees Fahrenheit)
for New Castle County Sites
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