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ABSTRACT |

The results of this study confirm the location of the previously determined freshwater-saltwater
interface near the Herring River, Wellfleet, Massachusetts. Surface electromagnetic measurements
are compared with driller's logs, water conductivity data, and induction logs from observation wells
drilled in the study area. Terrain conductivity meter measurements recorded earlier along survey
lines correlate with a brackish water saturated zone having a specific conductance in excess of

1800 uS/cm. Transient electromagnetic soundings confirm this interpretation and also locate a
deeper, more conductive zone saturated with seawater., Throughout the study area the vertical
separation between the water-table level in domestic wa,titf wells and the top of the brackish water
zone was determined to range from 13 to 29 m. At the five observation wells, including the two in
the flood plain of the Herring River, an elevation difference of almost 20 m was found between the
water table level and the terrain conductivity meter determined conductor. These findings support
the idea that increasing tidal flow in the Herring River by adjusting the tidal control structure at the
mouth of the river will not have an adverse effect on domestic water wells in the area.
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The TCM data from Line 1 are generally fit with a two-layer model consisting of a resistive
upper layer (90-3000 ohm-m) which is underlain by a conductive second layer (2.5-4.0 ohm-m)
(Figures 3 and 4). The upper layer varies in thickness from 19 m at the west end of the line,
thickening to 54 m near station 220. There is good agreement between the TCM and VLF
determined models from stations 0 to 240, however, the VLF determined interface is considerably
deeper further east. This may be due to the assumed value used for the second layer resistivity in the
VLF interpretation being incorrect. ;

: Interpretation of TEM sounding WFL 2 requires a three-layer model with resistivities decreasing

with depth. The first layer resistivity could not be resolved and was constrained to a value of
900 ohm-m. Its thickness is estimated to be 26 m. The interface between the second and third layers
at a depth of 47 m corresponds to the interface determined by the TCM and VLF data. Using the
TEM interpreted model to compute a TCM response, fairly good agreement was found between the
measurements at station 220 for the 40 m spacing data (Figure 4).

The cross section constructed from the Line 2 data (Figures 5 and 6) shows results similar to
those of Line 1. The data are fit with a two-layer model that becomes more conductive with depth.
The first layer resistivities range from 200-5000 ohm-m over the westerrt 290 m of the line. The
second layer resistivity is relatively constant (4-6 ohm-m), The first layer depth increases from 20 m
on the west end of the line to a maximum depth of 32 m near station 130 before becoming shallower
in the eastward direction, mimicking the topography as High Toss Road is approached. Line 2
crosses High Toss Road at station 310 and shows the influence of a buried pipe that caused reduced,
and sometimes negative, conductivity values. As a result, the interpretation is questionable from
here eastward. The model from station 320 was carried eastward only to illustrate that the 40-m
HDP data, which would be minimally influenced by the presence of a pipe, were fit with moderate
success. As there are neither homes nor domestic wells in the marsh, the poor data quality are not
considered significant to the results of this study. |

2.2 Newcomb Heights Traverse

The Newcomb Heights traverse (Line 4), situated in the subdivision of the same name, is located
about 500 m south of the Great Pasture traverses (see Figure 1). A single 170-m-long line of TCM
and VLF measurements was made starting along the road to the east of the Herring River and
proceeding up the bluff into the subdivision (Figure 7). One TEM sounding was made at the east
end of the line. The TCM data show a gradual decrease in conductivity in the eastward direction
caused by the deepening of the FWSWI in that direction (Figure 8). The data are interpreted with a
two-layer model consisting of a resistive first layer (250-1000 ohm-m) underlain by a conductive
second layer (2.0-ohm-m). The depth to the conductive layer increases from 20 m on the west end of
the line to more than 40 m on the east end of the line. The VLF interpretation agrees with the TCM
model only on the west end of the line. The TEM data, which were interpreted using a three-layer
model, suggest the presence of a transition zone and put the conductive layer slightly shallower than
the TCM interpretation. The TCM results computed using the TEM model appear to be a bit too
conductive compared to the observations. The difference in the interpreted models may be due to

- topographic effects on the TCM data.
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Figure 3 Great Pasture Subdivision terrain conductivity meter data and interpreted cross section
for Line 1, x=0-200 m. The open symbols (ACO) and solid lines are the observed and
computed VDP data respectively. The filled symbols (AN®@) and dashed lines are the
observed and computed HDP data respectively. The numbers in the cross section are the
interpreted layer resistivities in ohm-m. The short horizontal lines are the layer
boundaries. The v's represent the top of the conductive second layer determined from
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Figure 4 Great Pasture Subdivision terrain conductivi:?' meter data and interpreted cross section
for Line 1, x=200-400 m. Tilted numbers near station 220 are the interpreted layer
resistivities from TEM sounding WFL 2. The V’s and H’s on the TCM plots at station
220 are the computed response based upon the interpreted model from TEM sounding’
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Figure 9 Chequesset Neck traverse location map showing survey line and TEM sounding loops.
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for Line 3, x=0-200 m. Tilted numbers near stations 85, 130, and 165 are the interpreted

layer resistivities from TEM soundings WFL 4, WFL 5,

Figure 10 Chequesset Neck traverse terrain conductivity meter data and interpreted cross sections
‘V’s and H’s on the TCM
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2.3 Chequesset Neck Traverse

The Chequesset Neck traverse (Line 3) was made about 200 m upstream of the tidal control
structure near the mouth of the Herring River (Figure 9). The TCM data are fit with a two-layer
model that consists of a resistive first layer (250-5000 ohm-m) underlain by a conductive layer of
nearly constant resistivity (2.0-2.5 ohm-m) (Figures 10 and 11). The first layer thickness increases
from a value of 6 m near the river to a maximum of about 15 m in the vicinity of station 200 before
decreasing slightly in the southeast direction in response to a decrease in elevation. The three TEM
soundings are modeled by a three-layer model with the resistivity decreasing with depth. The second
layer resistivity is low enough (4.1-5.6 ohm-m) that it suggests the presence of brackish water. The
middle of this transition zone corresponds to the top of the conductive layer in the TCM model.
Very little VLF data were collected as frozen ground prevented planting the electrodes. Where VLF
data were obtained, the agreement with the TCM interpretations was not very good. The TCM
response computed from the TEM model gives good agreement with the observations indicating that
a three-layer model might be used to model all the TCM _

3. LABORATORY RESISTIVITY MEASUREMENTS

In an attempt to determine the resistivity values expected for freshwater and saltwater saturated
materials common to the study area, a sample of sand was collected from a shallow hole in the study
area. Water samples were collected from a nearby well and the ocean. The sand was packed into a
cylindrical sample holder and its resistivity measured over a wide frequency range under natural
moisture content (3.1 weight percent), as well as saturation with well water and seawater. The
resistivity of the water samples was also determined. e results are shown in Table 1 for a
frequency of 1000 Hz. The well water had a resistivity of 102.7 ohm-m, while the resistivity of the
seawater was 0.273 ohm-m, about 375 times lower. Under conditions of natural mojsture content,
the sand had a resistivity of ovér S000 ohm-m. Saturation with freshwater lowered the resistivity to
410 ohm-m. These high resistivity values are in line with the first layer resistivities determined from
the TCM and TEM modeling discussed in the previous section. Introduction of saltwater into the
sample reduced its resistivity to 1.45 ohm-m, a value less than the second layer resistivity of the
TCM models, but similar to values modeled for the third layer of the Great Pasture and Chequesset
Neck TEM soundings. While we only have the results of a single sample to report, much of the
study area is composed of very clean sand similar to our sample (Strahler, 1966; Oldale, 1968, 1969;
LeBlanc and others, 1986).

The laboratory data can be used to estimate a minimum resistivity value for the freshwater
saturated aquifer. To do this it is necessary to assume the following: 1) the sand sample used in the
laboratory measurement is typical of the study area, 2) the effects of sample disturbance and
repacking before making the laboratory measurement are minimal, 3) a maximum total dissolved
solid (TDS) level for drinkable water is 1000 mg/l, and 4;7 the specific electrical conductivity of the

aquifer water (0p) follows the typical, statistically determined relationship to TDS, namely

op [uS/cm] = TDS [mg/1}/A 0))

where A is a constant between 0.55 and 0.75 (Freeze and Cherry, 1979, p. 140). The first and sqcond
assumptions are probably the most likely to be wrong, but without additional information it is the
best that can be done. The maximum allowable TDS level chosen is conservatively low. From

equation (1), the fluid conductivity would range from 13¢)0—1800 uS/cm, corresponding to a fluid
resistivity of 5.5-7.5 ohm-m. From the data in Table 1, thc! ratio of sample resistivity (p) to fluid
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resistivity (pp), termed the formation factor F, can be determined. For the two measurements
reported F ranges from 4.0-5.5. Thus a conservative estimate of the minimum resistivity of a similar
sample saturated with 1000-mg/l-TDS water would be 22-40 ohm-m.

The analysis of the laboratory measurements indicates that the resistive first layer in the TCM
models is due to fresh-water saturated sand, and the conductive second layer is caused by sand
saturated with brackish water (TDS=1000-10,000 mg/1) (Freeze and Cheery, 1979, p. 84). The very
conductive layer (<1.5 ohm-m) detected by the TEM soundings is due to the presence of seawater
saturated sand (TDS>10,000 mg/1).

Table 1 Sample resistivities measured at 1000 Hz

Fluid Sample

Sample Porosity resistivity resistivity

po(ohm-m) p (ochm-m)
well water - 102.7 -
seawater - 0.273 -
sand, natural moisture, 3.1 percent - | 5450
sand, well water, saturated 0.197 102.7 410
sand, seawater, saturated 0.203 0.273 1.45
Table 2  Water levels for wells in study area.

Depth below measuring :

Well Number point (feet) Date Time
WNW-115 4.64 5-03-90 -
WNW-115 4.79 9-18-90 13:20
WNW-116 47.65 5-03-90 -
WNW-116 4792 9-18-90. 12:00
WNW-117 6.93 5-03-90 - 17:30
WNW-117 6.85 ' " 9-18-90 - 14:20
WNW-118 43.88 5-03-90 15:45
WNW-118 44.08 9-18-90 . 15:45
WNW-119 no screen
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4. OBSERVATION WELL DRILLING PROGRAM

Five observation wells were drilled in May 1990 near the Great Pasture and Newcomb Heights
traverses to determine geology, measure water conductivity, and run induction logs to measure
formation conductivity (see Figures 1, 2, and 7). No wells were drilled at the Chequesset Neck
location due to access problems and the sparsity of domestic wells in the area. The wells were
drilled using a 7.5 in. (19 cm) hollow-stem auger. Water samples were taken during drilling and
specxﬁc conductance measured in the field. The wells were cased with 2 in. (5.1 cm) diameter PVC
casing that was plugged at the bottom. Twenty feet (6.1 m) of slotted PVC screen was placed in all
but one well (WNW-119) at a depth determined from the water conductance measurements such that
the FWSWI interface was within the screened interval. Well depths ranged from 91 to 127 ft (27.7-
38.7 m) (Table 2). Details of well location, driller's log, well construction, water levels, water
conductance, and tabulated induction logs can be found in the Appendix.

|

5. COMPARISON OF SURFACE GEOPHYSICS AND OBSERVATION WELL RESULTS

Driller’s and induction logs from the observations wells can be used to confirm the geophysical
interpretation at selected sites thereby assessing the ov reliability of the interpretation. The
driller's logs are found in the Appendix. All of the wells encountered sand ranging from fine to
coarse with no mention of clay. The absence of clay is i t as it means the resistivity values
obtained from laboratory measurements on a sand sample give values that are applicable to the
interpretation. The induction logs were run in all wells in September 1990. The induction log data
are reported in the Appendix in conductivity units, however, they were converted to resistivity units
on the figures in this section to simplify comparison with the geophysical interpretations.

5.1 Well WNW-115

Located slightly to the west of Line 2 in the Great Pasture Subdivision near station 30, well
WNW-115 was drilled to a total depth of 91 ft (27.7 m). The first 37 ft (11.3 m) encountered
primarily coarse sand with a small amount of medium sand (see Figure A-2). The lower 54 ft
(16 4 m) is coarse and medium sand. The induction log (Figure 12) is characterized by a constant
resistivity zone of about 150 ohm-m from a depth of 1 to 13 m. The sharp rise in resistivity at the
shallowest portion of the log is caused by the metal around the top of the well. A similar artifact is
seen on several of the other induction logs. Below 13 m the resistivity drops to a minimum of
20 ohm-m at 16 m depth followed by a small peak at 18 m before decreasing further. Resistivity
values of less than about 6.5 ohm-m in the induction log are not considered reliable due to the full-
scale setting used for the measurement. The flat trace at a resistivity value of 2.5 ohm-m is caused
by thc instrument becoming completely saturated. |

The TCM interpretation has a first-layer resistivity of 1000 ohm-m to a depth of 21 m. This
resistivity value is not well resolved, and a value closer to the induction log value could be used in
fitting the data. The second layer has a resistivity of 2.5 ohm-m. The fact that this value is the same
as the saturation value of the induction log has no significance. The model from TEM sounding
WEFL 1, which is located about 50 m from the well site at an elevation 5.6 m higher, consists of three
layers. The resistivity is 198 ohm-m from the surface to a depth of 24.7 m, then drops to a value of
8.3 ohm-m until a depth of about 34 m where a final value of 1.1 ohm-m is attained. The third layer
resistivity is essentially the same as the laboratory determined value for seawater saturated sand.
The deeper location of the conductive second layer in the TEM model compared to the TCM model
may be attributed to the fact that the TEM sounding was at a higher elevation where the depth to
saltwater would be expected to be greater.
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Figure 12 Induction log from well WNW-115 in the Great Pasture Subdivision. The interpreted
resistivity-depth functions from the TCM model near station 30 on Line 2 and TEM
sounding WEFL 1 are also shown.
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The TCM interpretation did a very good job of detecting the resistivity decrease found in the
well. Water sample measurements from the well found that the specific conductance did not exceed

1800 uS/cm (see Table A-1), considered to be the maximum conductivity value for freshwater
(Freeze and Cherry, 1979), until a depth of 64 ft (19.8 m). This is in very good agreement with the
TCM determined depth of 21 m to the conductive layer.

52 Well WNW-116

Well WNW-116 is located between stations 100 and 120 along Line 1 in the Great Pasture
Subdivision (see Figure 2). The well has a total depth of 127 ft (40.0 m). The well encountered
primarily medium sand with some fine and coarse sand and cobbles (see Figure A-4). The induction
log (Figure 13) is characterized by a resistive zone (150-200 ohm-m) for the first 32 m at which
depth the resistivity starts to decrease monotonically until the instrument became saturated. The

specific conductance reaches a value of 2400 uS/cm at a depth of 119 ft (37.5 m) indicative of
brackish water (see Table A-2). The interpreted TCM data near the well is in remarkably good
agreement with the induction log. The model consists of a 150-ohm-m layer to a depth of 35m
underlain by a 4.0 ohm-m layer. TEM soundings WFL 1 and WFL 2 give depths to the conductive
saltwater layer of 33.5 m and 47.5 m respectively. These values bracket the TCM and well log
determined depths. They were measured over 100 m from the well at significantly different
elevations, so better agreement is not expected. The TEM results also show a transition into the
saltwater whereas the TCM results do not. This is attributed to the greater resolution of the TEM
method.

5.3 Well WNW-117

Located on the Newcomb Heights Subdivision traverse near station 10 at the lower end of Line 4
(see Figure 7), well WNW-117 was drilled to a depth of 96 ft (30.2 m). Drill cuttings were primarily
medium and fine sand without any clay (see Figure A-6). Very good agreement was obtained
between the TCM interpretation and the induction log (Figure 14). The TCM model has a 21-m-
thick, 200-ohm-m first layer overlying-a 2.0-ohm-m second layer that corresponds to the saltwater
saturated zone. The induction log varies between 80 and 180 ohm-m in the first 19 meters before

dropping sharply. The specific conductance of water samples does not exceed 1800 iS/cm until a
depth of 72 ft (22.7 m) (see Table A-3).

5.4 Well WNW-118

Well WNW-118 is oné of two adjacent wells drilled near the middle of Line 4 (station 80) in the
Newcomb Heights Subdivision highlands east of the Herring River (see Figure 7). The total depth of
the well was 121 ft (38.2 m) (see Figure A-8). No driller's log was recorded for this well, but well
WNW-119 which is located only 2 m away encountered medium sand with minor amounts of fine
and coarse sand and cobbles (see Figure A-9). The induction log (Figure 15) is similar to those
described previously with a high resistivity section followed by a sharp decrease in resistivity near
the bottom of the well. The TCM interpretation gave higher resistivities for the resistive material,
but this value is subject to some uncertainty. The second layer of the TCM model starts at a depth of
32 m which agrees with the decrease in the well log resistivity. The TEM model for sounding WFL
7 made about 50 m away had a first layer resistivity more in line with the well log values. A
transition zone with a resistivity of 27.3 ohm-m was required to fit the TEM data. The bottom layer
resistivity of the TCM and TEM models are essentially the same, 2.0 and 2.3 ochm-m respectively,
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Figure 14 Induction log from well WNW-117 in the Newcomb Heights Subdivision. The
interpreted resistivity-depth function from the TCM model near stations 10-15 on Line 4
is shown. .
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Figure 15 Induction log from well WNW-118 in the Newcomb Heights Subdivision. The
interpreted resistivity-depth functions from the TCM model near stations 80-85 on Line 4
and TEM sounding WFL 7 are shown.
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Figure 16 Induction log from well WNW-119 in the Newcomb Heights Subdivision. The
interpreted resistivity-depth function from the TCM model near stations 80-85 on Line 4
is shown.
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corresponding to a saltwater saturated zone. Water samples had specific conductances in excess of
1820 pS/m starting at a depth of 110 ft (34.6 m) (Table A-4).

5 Well WNW-1

Well WNW-119 was drilled adjacent to WNW-118 in the Newcomb Heights Subdivision as an
experiment to determine if similar information could be obtained from an unscreened well using only
induction logs. The induction log for this well (Figure 16) is virtually the same as the log from
WNW-118. The driller's log reports medium sand with minor amounts of fine and coarse sand,
cobbles, and gravel (see Figure A-9). No clay was found.

6. DISCUSSION OF RESULTS

The drilling and induction log data confirm the reliability of the TCM and TEM interpretations
reported previously (Fitterman and others, 1989). The conductive layer at the bottom of the TCM
models corresponds to a zone of decreased water quality with a specific conductance in excess of

1800 uS/cm corresponding to an estimated TDS of greater than 1000 mg/l. Water of this qualify is
often termed brackish and does not meet Federal secondary drinking water guidelines
(Environmental Protection Agency, 1979), however, in some parts of the country such water is used
when no other primary source of water is available. The brackish water zone is probably a transition
zone between near surface freshwater and seawater at greater depth. Seawater has a TDS value of
35000 mg/1; a TDS value of greater than 2000-3000 mg/] is generally too salty to drink (Freeze and
Cheery, 1979, p. 84). The TEM models are in general agreement with the TCM results. There are
some differences in the interpretations due to the difference in resolution and depth of exploration of
the two methods. The TEM models generally show a transition zone that is shallower than the TCM
conductor. A conductor, that is more conductive than the TCM conductive zone, is found below the
transition zone. This TEM conductor is thought to be seawater saturated material.

7. CONCLUSIONS

The original interpretation of the geophysical<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>