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Abstract
A suite of In Situ Permeable Flow Sensors was deployed in the bank of the Columbia River at
the 100H Area on the Hanford Site to characterize the hydrologic regime within the banks of the
river. The three dimensionalflowvelocity was recorded on an hourly basis from mid May to mid
July, 1994 and for one week in September. The first data collection interval coincided with the
seasonal high water level in the river while the second interval reflected conditions during
relatively low seasonal river stage. Two flow sensors located approximately 50 feet from the river
recorded flow directions which correlated very well with river stage, both on seasonal and diurnal
time scales. During time intervals characterized by falling river stage, the flow sensors recorded
flow toward the river while flow away from theriverwas recorded duringtimesof rising river
stage. The flow sensor near the river in the Hanford Formation recorded a component of flow
oriented vertically downward, probably reflecting the details of the hydrostratigraphy in close
proximity to the probe. The flow sensor near the river in the Ringold Formation recorded an
upward component of flow which dominated the horizontal components most of the time. The
upward flow in the Ringold probably reflects regional groundwater flow into the river.
The magnitudes of the flow velocities recorded by the flow sensors were lower than expected,
probably as a result of drilling induced disturbance of the hydraulic properties of the sediments
around the probes. The probes were installed with resonant sonic drilling which may have
compacted the sediments immediately surrounding the probes, thereby reducing the hydraulic
conductivity adjacent to the probes and diverting the groundwater flow away from the sensors.
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Introduction
To properly characterize the transport of contaminants from the sediments beneath the
Hanford Site into the Columbia River, it is important to accurately characterize the hydrologic
regime in the banks of the river. Flow in the near shore environment (within a few hundred feet of
the river) is complicated by the rise and fall of the river level. While the net flow is from the
banks into the river when averaged over time periods longer than a few days or months, there are
times when the river stage is high and water flows from the river into the banks. Close to the
bank of the river, there are three components of the groundwater flow velocity which are
superimposed and interact in a complex manner: relatively steady flow from the interior of the
Hanford site to the near shore environment, reasonably steady flow downstream, and flow in and
out of the banks of the river in response to changes in river stage.
In Situ Permeable Flow Sensors
To investigate the interaction between groundwater and river water, a technology is required
which is capable of measuring groundwater flow on a continuous basis for months at a time. In
Situ Permeable Flow Sensors are ideally suited to this task. This technology uses a thermal
perturbation technique to directly measure the full three dimensional groundwater flow velocity
vector in the subsurface (Ballard, 1992a, 1992b, in press; Ballard et al., 1994, in press). Each
probe consists of a slender cylinder 30 inches long by 2 inches in diameter made of very low
thermal conductivity polyurethane foam. The cylinder is covered with a thin-film, flex circuit style
heater and an array of 30 carefully calibrated temperature sensors. When approximately 80 watts
of electric power is applied to the heater, a spatially and temporally uniform heat flux out of the
probe is established. This heat flux warms the probe and the soil and water around the probe with
the surface of the probe achieving a temperature about 20 to 25 °C above ambient. If there is
flow past the probe then the heat emanating from the probe is advected around the probe by the
moving fluid, perturbing the temperature distribution on and around the probe. The temperature
distribution on the surface of the probe, which is recorded by the temperature sensors, reflects the
flow velocity past the instrument, with relatively cool temperatures on the upstream side of the
probe and relatively warm temperatures on the downstream side. The direction of the flow
velocity is revealed by the pattern of the probe surface temperature distribution while the
magnitude of the flow velocity is calculated from the magnitude of the temperature variations on
the surface of the sensor. The flow sensors can measure flow velocities as low as about
0.01 ft/day.
The manner in which the flow sensors are deployed is critical to obtaining a valid
measurement. The probes must be buried in intimate contact with the formation; they cannot be
deployed in a borehole. The existence of a borehole, along with the associated casing, screen and
gravel pack, can significantly alter the direction and particularly the magnitude of the flow velocity
in and around the hole, relative to the undisturbed formation flow velocity. The approach which
has been adopted is to fabricate relatively inexpensive probes which can be permanently buried in
the ground. While this means the probes cannot be moved or retrieved after deployment, they can
provide flow velocity data from one location for extended periods, up to many months or even
years.
In this experiment, a resonant sonic drill rig was used to emplace the probe. The rig was used
1

to drive a 4-inch diameter steel casing with a plug in the end down to the desired depth. This
technique pushes aside the sediment displaced by the borehole, effectively compacting the
sediments around the hole. No cuttings were retrieved during drilling. When the casing had been
driven down to the desired depth, the plug at the bottom was removed, the probe was lowered
down the interior of the casing to the bottom of the hole and the casing retracted, leaving the
probe in the hole. Given the saturated, unconsolidated nature of the sediments involved, the
formation readily collapsed around the tool leaving it permanently buried in the subsurface. The
instruments were lowered down on 1-inch PVC pipe which had been marked in such a way as to
permit the horizontal orientation of the probes to be known after emplacement This was
necessary in order to deduce the direction of the horizontal component of the flow velocity.
Once the probes were installed, Campbell Scientific CR10 data loggers were attached to each
probe. The data loggers were connected together into a network which was in turn connected to
a personal computer located in a small shed near the center of the site. The computer
automatically collected data from the data loggers every few hours. The data were then
transferred back to Sandia for processing via modem and cellular telephone.
Site Description
The flow sensors were deployed at the 100H Area, an old reactor site on the southern bank of
the Columbia River (Figures 1 and 2). The stratigraphy at the site consists of approximately 50 to
60 feet of Hanford Formation overlying the Ringold Formation. The Hanford Formation is
comprised of very poorly sorted, unconsolidated sandy gravel deposited during glacial flooding
events. The Ringold Formation consists of somewhat more consolidated silty sands deposited in a
river floodplain environment. The hydraulic conductivity of the Hanford Formation is several
orders of magnitude higher than that of the Ringold Formation and the vertical hydraulic gradient
at the site is upward resulting in upward flow across the Ringold/Hanford contact (Bob Peterson,
pers. communication).
The Columbia River borders the site to the northeast. The hydrology of the site is
significantly impacted by the river stage (Figure 3), which is controlled by the amount of water
released from the Priest Rapids Dam, located approximately 25 miles upstream from the site.
Discharge from the dam varies according to the demand for electric power; the higher the
demand, the more water is released and the higher the river stage adjacent to the 100H Area.
Since demand for power is greatest during the day and decreases at night, the river stagerisesand
falls with a diurnal frequency. The amplitude of the daily oscillations is about 3 to 5 feet. In
addition, demand for power is reduced on the weekends resulting in relatively low river stage on
weekends and a significant surge of water being released on Mondays. On longer time scales,
there is a seasonal variation in river stage, with relatively high water in mid June and low water in
the fall. The amplitude of the seasonal river stage variations is about 6 to 8 feet
Data
Four flow sensors were deployed at the 100H Area. Their locations are illustrated in
Figures 2 and 4 and their depths defined in Table 1.
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Figure 1 - Map of the Hanford Site showing the location of the 100H Area.
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Figure 3 - Columbia River stage. The horizontal bars indicate the time intervals during which
flow velocity measurements were made.
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Table 1 - Locations of flow sensors
Flow Sensor
Name
(Closest Borehole)

Approx.
Distance
from River
(feet)

SFM1 (H3-2)

Formation

Probe
Depth
(feet)

Approx.
Depth to
Water Table
(feet)

Depth of
Hanford/Ringold
Contact
(feet)

1500

Hanford

48

40

60

SFM2 (H4-7)

800

Hanford

52

46

54

SFM3 (H4-12)

50

Hanford

46

38

53

SFM5 (H4-12)

50

Ringold

74

38

53

Flow velocity data were obtainedfromthe flow sensors during two time intervals (Figure 3).
The first lasted 64 days from May 17 to July 20,1994 while the second lasted for one week from
September 4 to 11,1994. The first data collection interval coincided with thetimeof highest
river stage while the second measured the flow velocity after the summer high water had
subsided.
The flow velocity from the two probes near the river, SFM3 and SFM5, were resolved into
Cartesian coordinates with the positive x-component directed into the bank (S50W), the positive
y-component directed downstream (S40E) and the positive z-component directed vertically
upward. In Figure 5, the into-bank component of the flow velocity measured by probe SFM3
during thefirstdata collection period is compared with river stage. The correlation between the
velocity data andriverstage is excellent. During times of highriverstage, waterflowedfromthe
river into the bank while during times of low river stage, groundwater flowed toward the river.
There appears to be about a 5 hour phase lag between times of maximumriverstage and
maximum into-bank flow velocity. In Figure 6, the into-bank component of flow observed by
flow sensor SFM3 is compared to the displacement into the bank. The latter quantity was
calculated by integrating the into-bank flow velocity over time. The initial value at the beginning
of the data collection period was arbitrarily set to be zero. During late May/early June, the
displacement into the bank was increasing indicating net groundwaterflowfromtheriverinto the
bank. The displacement reached a maximum in mid-June at the sametimethat the river achieved
its maximum seasonal stage, and then decreased precipitously for the remainder of the data
collection interval. The decreasing displacement indicates that the net groundwater flow is
toward the river.
In Figure 7, the into-bank component of the flow velocity measured by probe SFM5, which
was located down in the Ringold Formation, is compared toriverstage. Again, the correlation
between flow velocity andriverstage is excellent The magnitude of the velocity oscillations is
much reduced compared to the oscillations observed by probe SFM3 located in the much more
hydraulically conductive Hanford Formation.
The downstream components of the flow velocities recorded by probes SFM3 and SFM5 are
compared to each other and to river stage in Figure 8. Both probes recorded steady downstream
flow velocities with the velocity in the Hanford Formation being higher than that in the Ringold
7
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Figure 5 - Into-bank component of flow velocity measured by flow sensor SFM3 located in the
Hanford Formation approximately 50 ft from the river.
Formation. There is only a very weak correlation between the downstream component of the
flow velocity and river stage.
The vertical component of flow recorded by the two flow sensors is compared to river stage
in Figure 9. The flow observed in the Hanford Formation is negative, indicating downwardly
directed flow, suggesting that the flow sensor was located at a vertical position where the
hydraulic conductivity of the sediments was changingfromrelatively low conductivity above the
tool to higher conductivity material below the tool. The vertical component of flow at SFM3
appears to be uncoaelated with river stage, at least on daily time scales. It does appear that the
magnitude of the downward flow increased somewhat over the two month data collection
interval. The vertical flow observed by probe SFM5 in the Ringold Formation was positive,
indicating upward flow. In fact, the vertical component of the flow velocity observed by SFM5
8
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Figure 6 - Into-bank component of flow velocity measured by flow sensor SFM3 compared to
ground water displacement which was calculated by integrating the into-bank velocity over time.
dominated the horizontal components most of the time. This observation is consistent with the
fact that the site is a regional ground water discharge area.
In Figure 10, the into-bank components of flow measured in the Hanford and Ringold
Formations near the river are compared to river stage in two different time intervals. On the left,
the data during a one week time interval in June, when the river was at its highest level, is
displayed. On the right are illustrated the flow and river stage data during a one week period in
September, when the river stage was about 7 feet lower than it was at its peak in June. It should
be noted that September 5 , 1994 was Labor Day and relatively little water was released from the
dam upriver over the long holiday weekend. There is a marked difference in the flow velocities
recorded by the flow sensors in September as compared to June. In June, the nominal flow
velocity observed by the two probes was essentially zero, with positive or negative excursions
th
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388

Figure 7 - Into-bank component of flow velocity measured by flow sensor SFM5 located in the
Ringold Formation approximately 50 ft from the river.
during times of high and low river stage, respectively. In September, when the river stage was
low, the flow was predominantly from the bank toward the river, with into-bank flow observed
only briefly during times of the very highest river stage.
The horizontal flow velocity recorded by flow sensor SFM2, located approximately 800 ft
from the river, is reported in Figure 11 in cylindrical coordinates. Figure 1 la illustrates the
azimuth of the horizontal component of the flow velocity, relative to geographic north, while the
magnitude of the horizontal component of theflowvelocity is provided in Figure lib. The data
suggest that the groundwater at this location is flowing in a direction N60W which is more or less
parallel to the upstream direction (N40W). There is no readily identifiable explanation for this
flow direction; flow toward the river was expected (N50E). It is possible that the flow is
perturbed by buried structures near the site. The location of SFM2 is not far from a large
10
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Figure 8 - Downstream component offlowvelocity measured byflowsensors SFM3 and SFM5,
compared to river stage.
concrete-lined evaporation basin (Figure 2). It should be noted that otherflowvelocity
measurements at this location also yielded anomalous results. Kearl and Gardner (1994) used the
Colloidal Borescope to measureflowin a direction N8W in borehole H4-7 which is located only
about 30 feet from the position of SFM2.
The magnitude of the horizontal component of the flow velocity recorded by flow sensor
SFM2 during the first data collection period is plotted in Figure 1 lb. The flow appears to vary
between about 0.05 and 0.075 ft/day with the highest velocities recorded in June when the river
stage was highest. By September the measuredflowvelocity was in essentially the same direction
but was reduced in magnitude down to about 0.03 ft/day. These observations support the
azimuth measurements which indicate that theflowis more or less awayfromthe river. When the
river level went up, theflowaway from the river increased; when the river stage fell, the flow
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Figure 9 - Vertical component of flow velocity measured by flow sensors SFM3 and SFM5
compared to river stage.
away from the river decreased. Also plotted in Figure 1 lb for comparison is the integrated flow
velocity measured byflowsensor SFM3. There appears to be a good correlation between these
two measurements which again suggests that SFM2 observed flow away from the river. The
increase influxobserved byflowsensor SFM3 in late May/early June reflects a rise in the water
table near the river. This would lead to a dam effect near the river and an increase inflowaway
from the river at the position of SFM2. There is some suggestion of a daily variation in flow
velocity, but the amplitude of the oscillations is too small to be reliably measured by the flow
sensors.
The vertical component recorded by flow sensor SFM2 was not resolved. The temperatures
recorded near the top of the probe were substantially warmer than the temperatures recorded at
the bottom of the probe, suggesting very large, upwardly directed flow. However, the data was
12
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Figure 10 - Into-bank component of flow velocity measured by flow sensors SFM3 and SFM5
compared to river stage during two one-week periods. The June data was collected when the
river was at the seasonal high water level while the September data was collected after the river
level had fallen substantially.
likely corrupted by heterogeneity of the thermal properties of the medium in which it was
emplaced. Because the thickness of the saturated Hanford Formation at the location of SFM2 is
only about 8 feet, flow sensor SFM2 was emplaced only a foot or two above the Hanford/Ringold
contact. If the thermal conductivity of the Ringold Formation sediments is substantially higher
than that of the Hanford Formation then the observed temperature distribution could have been
obtained, regardless of the actual verticalflowvelocity. Because of this uncertainty, the vertical
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component of the flow velocity was ignored and the probe surface temperature distribution
corrected so as to preserve the horizontal component of the flow velocity.
Flow sensor SFM1 never provided reliable data. The temperatures recorded by the instrument
were highly erratic throughout the data collection period despite repeated attempts to improve the
readings by lowering the heat output of the tool. It is likely that this resulted from incomplete
collapse of the coarse Hanford Formation gravels around the tool with the result that there existed
around the tool water filled voids of substantial size (several inches). Heating the water in such
voids would result in significant thermal convection of the water in the voids which could explain
the highly erratic temperature signals observed.
Discussion
While the flow velocity directions recorded by the flow sensors near the river correlate well
with river stage, the magnitudes seem quite low. This impression is difficult to quantify, given the
wide range of values for hydraulic conductivity which have been reported for the Hanford and
Ringold Formations both at the 100H Area and at the Hanford Site as a whole (Bob Peterson,
pers. communication).
The only other direct velocity measurements available from the site were reported by Kearl
and Gardner (1994). They used a colloidal borescope to obtain velocity magnitudes of about 14
ft/day in borehole H4-7, which is very close to flow sensor SFM2. That is more than two orders
of magnitude higher than the velocities obtained with the In Situ Permeable Flow Sensors. KV
flow meters were also tested and reported by Kearl and Gardner (1994). These meters measured
flow velocities of about 2 ft/day, or about 1 order of magnitude higher than was observed with the
In Situ Permeable Flow Sensors. The colloidal borescope and the KV meter were not used near
the river because of the difficulty they would have measuring flow velocities which change so
dramatically on daily time scales. In addition, it was not practical to leave these instruments
deployed in the field for long time periods.
If the magnitudes of the velocities measured with the In Situ Permeable How Sensors were
indeed too low, it may have resulted from the method of emplacement. Resonant sonic drilling
was used to install the flow sensors because the technology can drill holes very quickly and cost
effectively through the Hanford Formation, which is very difficult to drill using other drilling
techniques. Sonic drilling tends to disturb the hydraulic properties of the sediments in the
immediate vicinity of the borehole, however. Vibrating the sediments tends to reorient the
sediment particles and pushing aside the sediments while driving in the plugged casing
significantly compacts the sediments. The effect is to significantly reduce the hydraulic
conductivity of the sediments immediately surrounding the flow sensors, thereby diverting the
flow slightly away from the probes and reducing the groundwater flow immediately adjacent to
the probe surface. These problems have not been encountered when flow sensors are emplaced
with hollow stem augers. It is probable that these effects could be minimized by driving in the
casing without the plug at the bottom and then cleaning out the casing before installing the flow
sensor. This would have prevented most of the compaction caused by driving in the plugged
casing. Alternatively, sonic could be used to drill down to a depth a few feet above the target
depth of the measurement and then another technique used to drill the last few feet.
Another explanation which might account for the lower than expected flow velocity
magnitudes would be the response time of the flow meters. The flow meters can be somewhat
15
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slow to respond to rapid changes in flow velocity (Ballard et al, 1994, and in press). The flow
sensors are thermal devices and sense temperature variations on their surfaces. When the flow
velocity changes abruptly, there is a delay before the heat around the probe is redistributed and
the surface temperature distribution once again accurately reflects the flow velocity past the tool.
The higher the magnitude of the flow velocity, the more quickly the tool will return to thermal
equilibrium after a step change in flow, or the more closely it will track a constantly changing flow
velocity. It is not clear that this effect is particularly important in this case because there were
days when the river stage changed very little over the course of 24 hours and the flow velocity
appeared to achieve equilibrium within only a few hours. This also cannot explain the relatively
low velocity magnitude observed by flow sensor SFM2 since it was located sufficiently far from
the river that the flow velocity was relatively steady and did not oscillate back and forth the way
the probes near the river did.
Conclusion
The two flow sensors deployed near the river, SFM3 and SFM5, measured flow velocity
directions which seem plausible given the hydrologic environment Both flow sensors recorded
flow velocities which had steady downstream components, and components perpendicular to the
bank of the river which varied according to river stage. During times of high river stage the
probes recorded flow velocity which was into the bank while flows from the bank into the river
were observed when the river stage dropped. This was true for both the daily and seasonal river
stage oscillations. SFM3, the flow sensor in the Hanford Formation, measured vertical flow
which was downwardly directed, suggesting that the flow sensor was located at a vertical position
where the hydraulic conductivity of the sediments was changing from relatively low conductivity
above the tool to higher conductivity material below the tool. Flow sensor SFM5, which was
located in the Ringold Formation where the hydraulic conductivity is much lower than in the
overlying Hanford Formation, recorded upwardly directed flow, consistent with the fact that on a
regional scale, the river is in a discharge area.
Flow sensor SFM2, located about 800 ft from the river, recorded flow which seemed to be
away from the river in that the magnitude of the flow was positively correlated with river stage.
The measured direction of the flow velocity was N60W, which is essentially upstream. The flow
direction may have been influenced by the existence of buried structures nearby.
The magnitudes of the flow velocities are lower than expected, probably due to drillinginduced disruption of the hydraulic properties of the sediments immediately surrounding the
probes. These problems have not been encountered when drilling techniques other than resonant
sonic drilling have been used and it is likely that they could be avoided by modification of the
emplacement technique.
Overall, the excellent correlation between river stage and the measured flow directions near
the river indicates that the flow sensors are capable of providing very useful information about the
complex hydrologic regimes found in stream banks.
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