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i 5 1.0 INTRODUCTION
This rﬁfort provides results of a study begun in September 1983.into
hydrol&gic conditions affecting side sloughs of the Susitna River between <o
Devil Clnyon and Talkeetna, downstream of the proposed Susitna Hydroelectric
Project: Because of the importance of these sloughs as salmon spawning and
rearing areas, and the possibility that groundwater discharge to the sloughs
is derived from the mainstem, the current study involves investigations into
hydraulic and thermal relationships between mainstem flows and slough flows.
The basic objective of this study is to predict possible variations in the
amount and temperature of groundwater discharge to the sloughs as a result of

variations in mainstem flows and temperatures induced by project operations.

The current study is based on existing data collected during 1982 and 1983 by

R&M Consultants and the ADF&G SuHydro Aquatic Studies Group. Those data have

been used in a variety of statistical and other mathematical analyses in an

attempt to identify significant interrelationships between mainstem and‘:)nigh ///<’
hydrologic conditions. No new data have been generated during this study,

other than observations made during field reconnaissance trips and information

gleaned from published reports.
2.0 METHODOLOGY

2.1 Data Compilation and Review

A variety of Surface water, groundwater, and water quality data have been
compileud -from sources such as R&M Consultants, ADF&G, U.S. Geological Survey,
and published and unpublisted reports. The types of data which are available

includf the following:

“r
0 Aquifer test data, specific capacity data, and well logs from shallow

¥

" wells in the Talkeetna area.
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Gtoundwlter level data - occasional water level measurements during
1982 from sixteen wells near slougwkzﬂhnd sixteen wells near slough
9; continuous datapod water level #ds during 1983 from three

wells near slough 9.

Aerial photographs.

Mainstem discharge data - daily records from the USGS gaging station

at Gold Creek for 1982 and 1983. )

Mainstem water surface elevation data - occasional 1982 and 1983
records from 33 stations within and in the vicinity of Sloughs B8A, 9,

11, and 21; water surface profiles predicted by hydraulic modeling.

Slough discharge data - daily records during the summer of 1982 from
gaging stations in sloughs 9 and 11, and daily records during the

summer of 1983 from gaging stations in sloughs 8A, 9, and 11.

Seepage meter data - occasional summer 1983 readings from nine

seepage meters in sloughs 8A, 9, 11, and 21.

Summer 1982 and 1983 weather data from the Sherman weather station.

Groundwater temperature data - occasional temperature measurements
during 1982 from fifteen wells near slough 8A and from fourteen wells
near slough 9; continuous datapod records during late 1982 through

1983 from three wells near slough 9.

Occasional 1982 temperature measurements at various mainstem (two
locations, near each of sloughs 8A and 9) and slough (sloughs 6A, BA,
9, 9A, 98, 10, 11, 20, 21, and 22) locations.

DRAFT 2/21/84

—

e e il

SPPRSEIEE P PP Y S ST S S




Intermxttent mainstem temperature data for the summer of 1982 through

)
the summer of 1983 (seventeen locatxans pbetween Talkeetna and Devil
’ Canyon)' intermittent slough temperature data for rhe- winter and
autumn of 1982 through the summer of 1983 (sloughs 8A, 9, 11, 16, 19,
i and 21).
o Miscellaneous water quality data from several mainstem and slough

locations.

2.2 Site !igigg

A site reconnaissance trip was conducted on September 21 and 22, 1983. The

visits were made during a period of relatively low mainstem discharge

(approximately 10,000 cfs), so the influence of groundwater discharge on

slough conditions was more apparent.

During the afternoon of September 21, helicopter flyovers of several sloughs

between Talkeetna and slough 11 were made, with stops at sloughs 8A, 9, and 11

for more direct observations. In these sloughs, several observations were

made of seepage and upwelling. In addition, instrumentation including staff

gages, stage recorders, and seepage meters was observed on the ground, and

monitoring wells at slough 9 were observed from the air. Lower reaches of

slough 11 were toured om foot, and the servicing of instrumentation at well

9-1A was observed. Several sloughs upstream of slough 11, and Devil Canyon,

were obenrrad from the air in flying to Watana Camp at the end of the day.

-

On Septeuber 22;-;érvicing of the stage recorder at Deadman Creek was

The lower reaches of slough 9 were later toured on foot. Seepage

observed.
meter §Basurements were observed at slough 11, and side slough 10 was visited
briefly during the return to Talkeetna by boat.

v .

3
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2.3 Agency and Subcontractor Contactl.
]

Followi;g the site visit described above, a number of knowledgable individuals

and organizations were contacted in order to obtain published and unpublished

rmation which might be available, and to elicit any comments or

info
Organizations contacted

suggestions which might affect future studies.

include the Harza-Ebasco Joint Venture, R&M Consultants, the Alaska Power

Authority, Trihey & Associates, AEIDC, U.S. Geological Survey, Alaska

Geological and Geophysical Surveys,-and the U.S. Fish and Wildlife Service.

2.4 Data Analyses

2.4.1 Aquifer Properties

Results of aquifer tests and specific capacity data in the Talkeetna area have

been obtained from USGS files. These data have been subjected to standard

hydrologic analyses for estimation of aquifer properties for the alluvial

materials at that site. The resulting properties should be similar to those

of the valley-fill materials further upstream, in the vicinity of the side

sloughs.

Datapod hydrographs have been provided for mainstem stage and groundwater

levels in wells at slough 9. Attempts have been made to interpret these data

by applying published (8)11 techniques for estimating aquifer properties

based on groufidwater variations in response to stream stage variations.

-

2.4.2 Aerial Photograph Interpretation

Availalle aerial photographs have been interpreted to identify probable

- : . 5 . 5
contacts between bedrock, glacial detritus, and alluvial materials. Locations

of rep;tted seeps and upwellings have been compared with the inferred

surficial geology to seek any obvious relationships between geologic contacts

and locations of groundwater discharge to sloughs.

Yy Refers to the numbers in "peferences”" at the end of the text.2.4.3
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2.4.3  Field Data Reduction
N

.

available field data has involved the tabulation, plotting,

The reduction of
pata collected during 1983 has been

and computer storage of selected data.

because of the variety of data available and the existence of

emphasized
Where

relatively large amounts of continuous or partially-continuous data.

possible, mean daily values of parameters such as water level, discharge,

temperature, and precipitation have been plotted versus time, and the

resulting graphs compared to
suspected of being strongly correlated have been plccted against each other on

ascertain possible correlations. Parameters

linear and logarithmic paper to determine the probable functional form of any

relationships between the variables. During the course of the statistical
analyses discussed below, much of the 1983 data has also been input to

computer files, basically in the form of time series, in order to facilitate

the statistical analyses and other mathematical analyses. It must be
recognized that much of the 1983 data is provisional and subject to change as

the data are reviewed and further reduced. However, these data should still

be adequate to illustrate major trends and interrelationships.

2.5 Mathematical Modeling

2.5.1 Data Correlations

A variety of statistical correlations of existing time-series data (water
levels, disch3rge rates, temperatures, other water quality parameters) have
been performedf "These activities were conducted to attempt to ascertain
signifigant correlations among the various parameters for which data are
availajgle.
-
In gedbral,
to ascértain preexisting trends; transformation of data so that nonlinear

these activities have included autoregression of time series data

regressibn analyses can be performed, including lagging the data with respect
to time; and multiple linear regression of transformed and nontransformed
data. Transformations of the data were based in part on knowledge of the

general hydrological setting of each slough. The objective of these analyses
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to ascertaxn significant relatlonshxps among varxablel such as sl
and stage, air temperature,

was ough
discharge ‘and temperature, mainstem discharge

mainstem water temperatute,_precipitation. etc.

2:5.2 Two-Dimensional Cross-Sectiomns and Profiles

Simplified analytical models of flow and thermal transport in vertical
sections normal to the river have been used in analyzing existing data for the
slough hydrologic regime. Computer-programs were prepared based on published
analytical solutions to relevant flow problems (1, 6).

Simulations of the groundwater surface between the mainstem and the sloughs,
and variation of that surface with variations in mainstem water levels, within
a two-dimensional vertical section extending from the river to the slough,
were conducted by applying the convolution integral approach outlined by Hall
and Moench (6). Although this approach presumes symmetry with respect to the
dimension normal to the vertical section, and is thus only an approximation,
it is believed to provide a reasonable estimate of the relationship between
variations in mainstem stage and groundwater levels. Similar analyses were
carried out for groundwater temperature variatioms, by applying the

convolution integral approach of Hall and Moench (6) to the coupled thermal

and groundwater flow solution developed by Acres American (1).

3.0 RESULTS

z.1 nzdrogeologié' Setting

3.1.1 ‘ Regxonll Geology

The r 1onal geologic setting of the Susitna River between Devil Canyon and
Talkezgha has previously been described in several works (5, 7, 9), and those
descriptions will not be repeated in detail here. However, basic
characteristics of regional geology relevant to the present study are briefly

discussed below for the sake of completeness.

DRAFT 2/21/84
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As descyibed by R&M Consultants (9),

"  all sloughs along the river are part of the modern fioodplain of the
Susitna River [which] consists predominately of cobbly sandy gravels with
silty mantles in areas between and adjacent to the main channels. Above
and immediately adjacent to the modern floodplain lie a series of fluvial
and glaciofluvial terraces deposited... following the later Wisconsin
glaciations of Southcentral Alaska. The terrace deposits generally
consist of coarse sandy gravels overlain by a few feet of sandy silt and
silt overbank deposits...The valley floors and side walls above the
terraces are thought to comsist of glacial tills composed of gravel, sand
and silts.. Older... glacial and glaciofluvial drift may underlie the
terraces and modern floodplains. Bedrock underlies the unconsolidated

materials at an undetermined depth."

Available geologic mapping (10, 13) suggests that the unconsolidated fluvial

and glaciofiuvial deposits are confined to a very narrow interval along the

river valley, with consolidated bedrock located on both sides of the river

between Devil Canyon and Talkeetna. Interpretation of aerial photographs

suggests that the width of the valley-fill sediments in the reach between

sloughs 11 (near Gold Creek) and 8A is relatively consistent, averaging

approximately 3,000 feet.

3.1.2 Interpretation of Aerial Photographs

The following discussion of the slough environment has been inferred from

aerial photographs of the Susitna River and sloughs, at a scale of

approximately 1 inch = 1000 feet, and various project reports.

-

:ocnts in the River and slough regioms consist of materials deposited

Cedime
within the active channel of the Susitna river (channel sediments) and
naterifls forming the valley walls (valley wall deposits). Valley wall

deposifs may include bedrock, terrace deposits formed during past higher river

leveld, and till deposits, which reportedly cap the entire region.

Sloughs are generally found on the left descending bank, with mainstem flow

generally, but not consistently, along the right descending bank. Slough

areas are generally well vegetated, except within the channel of the slough

itself. Slough areas are generally contigucus with the valley wall area,

occasionally separated by a tributary stream. The photographs were inspected
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for evidence of uniformiry in paleo-chénnel width, as might be inferred from

terrace or valley wall position. There was some consistency noted in channel

width in the segment examined between Gold Creek and slough d?— At Gold Creek,

the apparent paleo-channel widens substantially, perhaps as a result of Gold

Creek flow and sediment contributions. The river appears to have adjusted to

a pattern lying between that of a braided stream and that of a meandering

stream. Relatively steep terrace (?) valley walls are observed on the south

and east shores (left descending bank) while the north and west shores (right

descending barmk) appear from the photographs to exhibit generally undulating

topography, gently rising with distance from the river. However, field

observations suggest that the right descending valley wall has about the same

steepness as the left descending wall, particularly in the vicinity of slough

9. Many abandoned channel scars are evident in the channel fill materials

forming the small islands and lowermost floodplains adjacent to the river.

Vegetation is generally absent within these scars.

Upwellings (groundwater discharge withing the sloughs) are occasionally, but

not consistently, visible on the photographs.
the locations of the areas of upwellings, and the river

There is no discernible

relationship among

morphology, distribution of river sediments, or the floodplain configuration.

At several sloughs there is a distinct boundary at the mouth of the slough,

separating dark (probably clear, silt free) water discharging from the slough,

from the gray (probably turbid) water of the mainstem. In some cases, a zone

of mixing of these waters can be observed extending downriver within the

mainstem. Thére may be some suggestion of upwelling within the mainstem, as
evidenced DY sﬁoti-of dark water apparent within the turbid mainstem flow.

3:1.3 Slough Runoff Estimates

One potential source of at least part of the discharge from individual sloughs

is dirih: precipitation on the drainage area of the slough. vhile no attempt
has been made to generate synthetic storm hydrographs for each slough, total

precipitation on the drainage area of a particular slough over relatively long

periods of time (several months) has been compared with slough discharge over

the same time periods. This approach was based on the rather simplistic
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assumptlon that cumulative precxpxtat1on over relatively long periods will

approxtmate the sum of surface runoff and groundwater infiltration within a

In this manner an estimate can be made of the proportion of slough

such as direct precipitation on the

basin.
discharge derived from localized sources,

slough drainage area plus integrated groundwater recharge within the drainage

area, relative to the amount of slough discharge derived from external sources

such as localized groundwater transport from the mainstem, or more regional

groundwater underflow within the river basin.

The results of these analyses suggested that only very small proportions (of

the order of a few per cent) of slough discharge could be attributed to

precipitation, either directly as runoff or indirectly as infiltration and
subsequent groundwater discharge to the sloughs. It is recognized, however,
that these calculations are no substitute for the more detailed generation of
synthetic storm hydrographs which are being developed by others. Nonetheless,
based on these preliminary estimates, subsequent analyses were based on the
working hypothesis that most of the discharge from sloughs 8A, 9, and 11 was
derived from sources such as direct discharge from the mainstem as a result of
overtopping of berms, regional groundwater underflow within the Susitna River

alluvium, or more localized (and probably relatively shallow) lateral flow

from the river toward the sloughs.

3.1.4 Croundwater Underflow Estimates

Based on estimates of aquifer properties (as discussed in more detail below)

aud the average'ESQnstream groundwater level gradient within the Susitna River
Valley, an estimate has been made of the volumetric rate of groundwater
transpdft in the downstream direction within the Susitna River alluvium. For
an assgmed hydraulic conductivity of 500 gallons per day (gpd) per square
foow, d saturated thickness of 100 feet, an aquifer width of 3000 feet
(inclualng the active channel and the alluvial floodplain), and an average
dounstream groundwater level gradient of 0. 003, the average rate of downstream
transport of groundwater would be about 0. 7 cubic feet per second (cfs). Even
if this estimate is low by an order of magnitude, it would appear that
regional groundwater transport within the Susitna River alluvium would not be

sufficient to provide all of the groundwater discharge apparently observed in
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the various sloughs. This tends to suéport.q thypothesis that a large

proport{on of the slough discharge may be derived from shallow lateral flow .

", from the river, rather than regional groundwater underflow within the Susitna
/
/ - .

ﬂf)’kiver valley-fill materials.., Y N ke o/ l/ﬂAr
. " r . e, o

PR A ﬂc»rfarb e . foe L =

- .~<Nc."
Another aspect of groundwater underflow was considered by referring to the

maps of groundwater contours at sloughs 8A and 9 for various dates in 1982
presented by R&M Consultants o, Fngfes 3.4 through 3.21). Assuming
homogeneous ard isotropic aquifer materials, groundwater flow lines were drawn
normal to the water level contour lines shown on those maps. The flow lines
suggested flow from a side channel of the river toward a portion of the right
descending bank in the upper reaches of slough 8A (see, e.g., Fig. 1), and
toward slough 9B and a portion of the left descending bank in the upper
reaches of slough 9. Assuming the same saturated thickness and hydraulic
conductivity as noted above, the groundwater discharge through each inferred
flow tube (see Fig. 1) was calculated. By summing the discharges within the
several flow tubes, an estimate was obtained of the total groundwater
discharge to that reach of the slough fed by the several flow tubes. This was
converted to a unit flow by dividing by the total length of slough bank at the

terminus of all of the flow tubes.

Since no 1982 discharge measurements were available for slough 8A, the
calculated unit flows (i.e., discharge per length of slough bank) were
compared with mainscem discharge at the Gold Creek gage for selected dates
(Figs. 2, 3).” As can be seen from Fig. 2, there is no obvious correlation
betweeun "Lue “Gischarge per unit bank length and the mainstem discharge.
However, from Fig. 3 it appears that there might be a time-series correlation
with affag of several days between the two discharges (i.e., in early
Septemffer, the unit slough discharge increases as the mainstem discharge
increabes, while in early October a decrease in mainstem discharge is followed
severai{dayl later by a decrease in unit slough discharge). However, nc

definite’ conclusions can be drawn from this very limited set of data.
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Using a,similar approach; estimates of the tqtal groundwater discharge to
sloughs 9 and 9A were compared with measured discharge from slough 9. For
June 23, 1982, vhen the mainstem discharge at Gold Creek was 25,000 cfs and

the slough 9 berm was probably overtopped, the estimated slough discharge was

1.44 cfs and the measured discharge was 180 cfs. For October 7, 1982, when I-Li ;

the mainstem discharge at Gold Creek was 8,480 cfs, the estimated slough }a
discharge was 1.43 cfs and the measured discharge was 1.0 cfs. Wo definite
conclusions can be drawn from these observat1ons, except that the approximate
groundwater discharge toward slough-9 appears to be of the same order of

magnitude as the observed discharge from the slough during conditions of

low-flow on the mainstem.

3.2 Aquifer Properties

3.2.1 Talkeetna Pumping Test

In March of 1981, a 100-foot deep well was constructed at the Talkeetna Fire
Hall. A constant-rate pumping test of the well was performed on March 10-11,
1981. The well was pumped at a constant rate of 310 gallons per minute (gpm)
for a period of twenty-nine hours, and water levels were periodically measured
in the well. Water levels in the pumping well stabilized within about an

hour, and remained essentially constant for the duration of the test.

The pumping test data were obtained during a search of U.S.G.S. files in
Anchorage. The data were plotted on semi-logarithimic and full- -logarithmic
paper, and standard analyses were conducted (11, 12). The Jacob straight-line
analysis of the semi-logarithmic data plot (Fig. 4) yielded a transmissivity

of ap:fximately 13,900 gpd/ft during the early period of the test, before

stabi*hzation of water levels in the well. The full-logarithmic data plot
could Yot be matched by either the Theis or Hantush type curves, so no aquifer

propetties could be inferred in this manner.

Assuming a saturated thickness of approximately 22 feet based on well logs,
the calculated transmissivity for this test would give a hydraulic

conductivity of approximately 630 gpdlftz.
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The ltayilization of water levels in the pumped well indicates some kind of

as a result of delayed yield from storage,

recharge to the tested aquifer,
or induced infiltration from the

leakage from adjacent water-bearing units,

Wwell logs indicate that the unit tested is probably confined

river.
is unlikely.

(artesian), so delayed yield from storage by gravity drainage
The inability to match the field data with the Hantush leaky-artesian type

curves suggests that leakage is also relatively unlikely. Thus, the most

level stabilization is induced infiltration from

probable cause of the water~
ifer and the river.

the river, suggesting hydraulic connection between the aqu

However, the actual cause of this phenomenon can be neither confirmed nor

quantified because of the lack of observation well data during the test.

3.2.2 Talkeetna Specific Capacity Data

Aquifer transmissivity can also be estimated from specific capacity data (the

ratio of total water level drawdown to.pumping rate) collected during well

drilling and testing. Such data are available for six wells in the Talkeetna

area, and have been obtained from U.S.G.S. files. Utilizing graphs presented

by Walton (11, 12), the estimated transmissivity determined from rthese data

ranges from 2,400 to 14,000 gpd/ft assuming water table conditions, and from

4,400 to 27,000 gpd/fL assuming artesian conditions. The results are

summarized on Table 1.

0f the six wells for which specific capacity data are available, well depths

were reported for only three. All three wells were only 17 feet deep, and

thus wuold te expected to exhibit water-table conditions in this environment.

By dividing the estimated transmissivity by th
of these three wells, hydraulic conductivity values ranging from 240

e original saturated thickness

in ea
to 131; gpd/ftz are obtained, with a mean of 710 gpd/ftz. This compares
quite *faverably with the value of 630 gpdlft2 inferred from the pumping test

data a& the Talkeetna Fire Hall.
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;'properties.
. slopes than the theoretical curves for all values of aquifer diffusivity (Fig.

3.2.3 Slough 9 Surface Water - Grouﬁguatet'Correlafion

Attempts have been made to estimate aquifer properties from correlations of
river stage and groundwater level variations at slough 9. The data were
analyzed according to methods described by Pinder et al. (8). However, the
field data could not be matched to the theoretical type curves generated by
the methods of Pinder et al. (8), reggrdless of the values assumed for aquifer

In general, the field data curves had substantially different

5). In particular, data from borehole 9-5 showed a more rapid rise early in

time, but a substantially lower peak value, than predicted by the theory (Fig.

5).

It appears that the hydrologic conditions affecting the wells near slough 9
are considerably different than those assumed in the theory. For example, the
theory is based on the assumption that all recharge to the aquifer during
passage of a flood peak on the river is derived from lateral inflow from the
river to the aquifer. At slough 9, it is possible that groundwater levels are
also affected by regional water level variations and possibly by groundwater
underflow originating far upriver from the slough or from the bedrock areas
southeast of the slough. It is also possible that the groundwater level data
vere affected by recharge both from the mainstem and from the slough, since
the slough 9 berm was overtopped during much of the summer of 1983. The
beaver dam located near the mouth of slough 9B could also affect local
groundwater cdnditions, particularly near borehole 9-5, by raising local

groundwater levels and perhaps moderating the influence of variations in river

stage.

3.3 ta Correlations
-_—

g

]
A vari;ty of correlations between slough and mainstem data have been
attempted. These have included merely comparing graphs of time-series data,
plotting variables versus each other on linear, semi-logarithmic and full
logarithmic paper, and utilizing a standard statistical analysis computer
program to perform multiple linear regression and cross-correlation analyses
of transformed and raw data. In general, the analyses conducted to date have

employed mean daily values of relevant parameters.
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The more formal linear regression and cross-correlation analyses which have

been conducted have used the MINITAB computer program develope&.it
pennsylvania State University. MINITAB is a general purpcse'statistical
for time series

computing system, including recently-implemented routines
The fairly

analysis based on techniques described by Box and Jenkins (4).
wide usage of MINITAB, and its beses in standard statistical techniques,

confer a considerable degree of reliability on results of its application.

3.3.1 Slough Discharge Data &

A variety of correlations have been drawn between slough discharge data for
sloughs 8A, 9, and 11 and several other parameters such as mainstem discharge,
mainstem stage, water temperature, and precipitation. No general
relationships have been observed. In many important respects, the three

sloughs for which most data are available behave differently.

The general relationship between slough and mainstem discharge is illustrated

by Figure 6, which shows discharge versus time for the mainstem at Gold Creek
(provisional 1983 USGS data) and for sloughs 8A, 9, and 11 (provisional 1983
R&M Consultants data). There generally appears to be a correspondence at

least between major peaks in the slough and mainstem discharge measurements.

For example, the higher mainstem flows observed in early Jume, early August,
and late August are fairly well reflected in the data from sloughs 8A and 9.
The slough 9 discharge appears to correlate very well with even less
significant viriations in mainstem discharge. This would be expected,
liuwever, betauée_:he slough 9 berm was overtopped approximately half the time
period geflected in Figure 6, so slough 9 actually acts as a side channel to
the magnstem during much of this period. Slough 11 exhibits very little
varia1non in discharge at the scale plotted on Figure 6. Nonetheless, the
slough 9 discharge also appears to reflect the relatively high mainstem flows

observkd in early June, and the steadily declining mainstem flow observed in

mid—SepEember.
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In generul utilizing MINITAB routines, “the dxscharge at slough 11 correlates

Eazrly well with mainstem discharge or stage, with correlation. goefficients in

excess of 902 for linear regressions with slough 11 discharge as the dependent

Multiple linear regression involving parameters such as temperature
icients than when

variable.
or precipitation had only slightly higher correlation coeff

mainstem discharge or stage was the only independent variable.

plot of slough 11 discharge versus mainstem discharge exhibits a linear form

linear regressions involving

Furthermore, a

with a positive slope (Fig. 7). In contrast,
slough 8A discharge as the dependent variable exhibited correlation

coefficients of the order of 25 - 55%. Addition of other parameters increased

the values of these correlation coefficients, but that may represent only the

effect of correlating two time series which exhibit similar seasonality in

their variations. Linear regressions involving slough 9 discharge as the de

L

dependent variable exhibited correlation coefficients in the range of 65 to . LJ
Iu,

90%. However, these regressions generally included mainstem discharge as an 3

independent variable, and thus are probably biased since slough 9 was o
’ ¢

reportedly overtopped during much of the summer of 1983.

It is perhaps noteworthy that slough 11, whose discharge is most readily
correlated to that of the mainstem, is perhaps the simplest of the three
sloughs studied in detail. The surface drainage area of this slough is
extremely small, so that slough discharge is less likely to include surface
runoff as a complicating factor. Furthermore, the aerial photograph
interpretation discussed above noted that the river valley seems to widen
considerably 3t Gold Creek, just above slough 11, and to maintain a fairly
consistent width in the vicinity of sloughs 8A through 11. Thus, it may be
that groundwater recharge from the mainstem becomes substantially more
signifffant below Gold Creek than above Gold Creek because of this change in
morph ?ogy .

It sho&ld also be noted that whereas a plot of slough 8A discharge versus
mainstem’ discharge shows considerable scatter and can not be readily
;epresentéd by a single functional form, some of the data can be segmented
into different time periods during each of which a fairly strong linear
relationship between slough discharge and mainstem discharge can be observed

(Fig. 8). The time periods illustrated in Figure 8 are distinguishable by the
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fact that each of them is either a period of generally rising river stage, or
genernliy falling river stage. Furthermore, linear fits to the data during
different periods of falling river stage (August 14-20 and September 2-17)
generally have about the same slope, while fits to the data during different
periods of falling stage have substantially different slopes (during the
period August 20-23, while the river stage was rising, the slough discharge
was actually decreasing). This information suggests that, at least at slough
8A, phenomena such as bank storage ma; be significant in controlling slough
discharge. Since similar relationships have not been observed in the data

from sloughs 9 or 11, this phenomenon may be localized to the vicinity of

slough 8A.

3.3.2 Seepage Meter Data

The seepage meter data are generally consistent with the slough discharge
correlations discussed above. Figure 9 shows plots of seepage meter data
versus both mainstem and slough discharge data. The seepage rates at meters
8-1, 8-2, 9-1, and 9-3 are generally positively correlated with either
mainstem or slough discharge, although the data are rather»widely scattered
about the linear regression fit to the data (Figs. 9a - 9 ). However, seepage
rates at meter 9-2 seem to be uncorrelated with either mainstem or slough
discharge (Fig. 9b). At slough 11, the seepage rates at both meters 11-1 and
11-2 are very well correlated with both mainstem and slough discharge. This
tends to confirm the previous observatioms that discharge at slough 11 is
strongly corrélated with mainstem discharge, and there is a good likelihood
that upwelliug at slough 11 is derived rather directly from mainstem recharge

to the lpcal groundwater aquifer.

Seepagh meter data at slough 21 suggest that this slough is substantially
differﬂht from those below Gold Creek. Seepage rates appear to be negatively
correl*&ed to mainstem discharge at meter 21-1, with seepage rates decreasing
as mainstem discharge increases. At seepage meter 21-2, there appears to be
no correlation between seepage rates and mainstem discharge. At slough 21,
the river valley is narrower and the valley walls somewhat steeper than
further downstream. Thus, a relatively high proportion of the groundwater
discharge at this slough may originate from infiltration of precipitation on
the surrounding uplands, rather than groundwater underflow from the river.
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3.3.3 Temperature Data

f temperature data have been limited to considering plots of daily
Limited plots

These

Analyses o
mean temperatures at various points, primarily using 1983 data.

of slough temperature versus mainstem temperature have also been made.

analyses have used provisional 1983 temperature data provided by the Alaska

Department of Fish and Game. in some cases, ADF&G was gracious enough to

provide data which had not even been fully reduced, in order to expedite the

present studys Thus these data are. subject to revision, and some error may

even have been introduced during our reduction of the data. Nonetheless, it

is believed that the present data are sufficient to illustrate general trends

in the water temperature data, and thus support the following discussion.

At slough 8A, data are primarily available from intragravel and surface water
measuring points at the middle and in the upper reaches of the slough (Fig.
10). The intragravel data show essentially the same behavior, with
temperatures gradually rising from about 3°¢C in early May to about 59 ¢ in
late July, and then fairly rapidly falling tc about 4° in late August (Fig.
10b). Temperatures in the middle of the slough are generally higher than
those at the upper end of the slough, except in the latter half of July. The
int
surface water temperatures at corresponding points. However, surface water

ragravel temperatures generally appear to be subdued reflections of the

tem
as high as 14° C in late July (Fig. 10b). Surface water temperatures at the

peratures for the middle of the slough exhibit greater variatioms, rising

upper end of the slough only rise to about 7.5 °C, but show the same general
trends -o3 at the middle of the slough. Since this slough was reportedly not

-~

overtopped in the 1983 record, the high temperatures observed in the surface i *
the middle of the slough can probably be attributed to solar heating,b)w;' 4

water

ratherfthan groundwater inflow or surface water discharge as a result of W}
-4 :

overtopping. It should also be noted that the maximum surface water ”"‘V

'temper}ture at river cross-section LRX 29 during the summer of 1983 was also

about 14 °C in late July, comparable to the maximum slough surface water

temperature.
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At slough 9, data are available for surface water and 1ntragrave1 measuring

slough, surface water and intragravel measurtng points om .

points within the
Both mainstem

and from three groundwater wells (Fig. 11).

the mainstem,
within the slough, show essentially

probes, as well as the surface water probe
winter temperatures are near zero,
than the surface water temperature at the

the same behavior: with the intragravel

temperature about a degree higher

mainstem during late September and October of 1983;
-May and reach maximums of about 13° in late

; temperatures at all three

points begin to increase in mid

June, and persisting through July; temperatures then fall to near zero by late

September. In contrast, the intragravel measurements at slough 9 remain

essentially constant at about 3. 5°C from mid-March through late August, with

temperatures exceeding a°c on only two occasions, and falling to 3° only

once (Fig. 11). The groundwater data show considerably more variation than
the slough intragravel data.

temperatures reached a low of about 2.5 © in late February, and then rose to

At borehole 9-1A, which is nearest to the river,

over 5° in early September. At borehole 9-5, near slough 9B, temperatures

fell from 4° in early January to 2.5% during April, and then rose to about
5.5% in early October before again falling. At borehole 9-3, temperatures
were relatively stable, varying between 3.5° and 4.50. However, in

general, during the winter period January to May, temperature variations in

9-3 were opposite those in the other two wells, rising when they were falling,

and vice versa.

rose (Fig. 11).

During the summer, temperatures in all three wells generally

In very general terms, the groundwater temperatures at slough 9 appear to be
very subduet ceflections of surface water temperatures in the vicinity of
slough 9, with peak groundwater temperatures lagging peak surface water
temperffures by two to four months. However, it has not been determined
uheth*“ the groundwater temperatures actually reflect changes due to the
infiltkatiom of river water into aquifer materials, or whether the groundwater

merely?%eflects seasonal variations in parameters such as air temperature or

solar radiation.
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At |lough 11, data are available fot lutflce water and intragravel measuring

oints w1th1n the slough, and surface water measuring points on the mainstem

P
(Fig. 12). The intragravel temperature within the slough is rather u
reasing slightly from about 3°c in January to 3. 5°C in early May, and

The surface water

niform,

inc
then remaining essentially constant through late August.

perature within the slough is approximately the same as the intragravel

S and

tem

temperature through late April, but then increases and varies between

7°C from May through August. There is no apparent relationship between :
- L A

mainstem and slough water temperatures, in striking contrast to the fairly 55, e

A LT

strong ccrrelation between mainstem and slough discharge at slough 11. ij

At slough 21, data are available for surface water and intragravel measuring
points on the mainstem and at the mouth and in the upper reaches of the slough
(Fig. 13). Intragravel temperatures at the mouth of the slough were
approximately constant at 3.5°C from January through April, them gradually
increased to almost 4°C by late August. Intragravel temperatures in upper
reaches of the slough varied around 3°C from January through April, but then
increased to about 6.5°C from early June through mid-August, with

considerable temperature variatiom. Except at the mouth of slough 21,
intragravel temperatures were essentially the same as surface water
temperatures at comparable points, suggesting that the intragravel water may

result from downwelling of surface water rather than upwelling of cooler .;l

groundwater.
v

3.4 Aanalyticdal Models

. - —

Limited mathematical modeling of groundwater levels and temperatures has been
perforged during this study. The basic objective of this modeling was to
inves‘ngate the rate at which changes in mainstem stage or temperature might
be prdpageted toward the sloughs through the groundwater regime. No attempt
wvas naab to actually simulate groundwater discharge to the sloughs, or the

temparafh;e of such discharge. To this end, some simple one-dimensional

analyticai models were applied.
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3.4.1 Grodhdwater Level Variations

-

As described by Hall and Hoench (6), flow nnd head variations in stat1onary

linear stream-aquifer systems can be simulated by application of the

convolution integral. Head fluctuations in a semi-infinite aquifer due to an

arbitrarily varying flood pulse on the stream can be expressed as an integral
involving the stream stage and various aquifer properties. The integral
solution can then be expressed in approximate form by a finite series which is
convenient for computer evaluation. -

In its simplest form, the solution presented by Hall and Moench (6) can be

expressed as follows:
k4
h(x,t) = jl-‘('()u(x, t -T)4dT, (1)
0

where h{(x,t) is the groundwater elevation at distance x from the stream and at

time t since the simulation began; F(t)=H(t), the river stage at time t; and

U(x,t), the instantaneous unit impulse response function, is given by (6)

e, E)mx explon® fh o 3106 T BB Y E 312 (2)

and K is the aquifer diffusivity, given by the ratio of transmissivity to

storage coefficient. Equation (1) can be approximated by the finite series

’

{
h(, R ) F(OUIx, (i-ksD) D) Ot (3)
-K:l
A computer program has been written to evaluate equation (3) for a variety of
values of the input parameters. In general, it has been assumed that the
aquiferghydraulic conductivity is 500 gpdlft , aquifer thickness is 100
feet, fhd the storage coefficient varies between 0.0002 for artesian

condiEFons and 0.2 for water table conditions.

y
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Figure 14 shows the simulated groundulf;tlleqel as a function of time at
vnriOUS.diStlﬂcel from the river. The surface water hydrograph utilized was.
the water level at the Susitna River sidechannel above slough 9 for the time
period May 25 through Jume 10, 1983 (R&M Consultants provisional data). Five

data points per day were interpolated from graphs of the side channel stage
during that period. The observed water level variations at boreholes 9-1A and
9-5 have also been plotted on Figure 14, It is interesting to note that the
observed groundwater levels are most Elosely matched by simulated curves for
artesian conditions, tatheé‘than water table conditions (i.e., for a storage
coefficient of 0.0002 rather than 0.2). However, the data for borehole 9;1A.
located about 700 feet from the river, are most closely matched by the
simulated water level at a distance of about 2000 feet from the river, while
the data for borehole 9-5, located about 1500 feet from the river, are most
closely matched by the simulated water level at a distance of about 1000 feet
from the river. As noted previously, water levels at borehole 9-5 are
probably affected by slough 9B and the beaver dam at the mouth of 9B, and thus
would not be expected to readily fit the present theory. These results
suggest that the groundwater aquifer in the vicinity of borehole 5-1A may
behave somewhat as an artesian aquifer rather than a water table aquifer.
However, well logs in the vicinity of slough 9 (9) would suggest water table
conditions. It is possible that local overbank silt deposits or relatively ‘f‘f;f
thin layers of fine-grained materials may act to partially confine coarser
water-bearing layers in the area, thus resulting in localized or short-term
hydraulic behavior as an artesian aquifer.

Figures 15a'thrb;éh 15d show the simulated groundwater level as a function of
distance away from the river for various times and various values of aquifer
diffusfity. These figures generally illustrate that as diffusivity gets
largeqn(i.e., the storage coefficient gets smaller), the effects of variations

in river stage are more rapidly propagated into the aquifer toward adjacent
sloughi; For example, Figure 15d shows that for fully artesian conditionms,

small variations in river stage could be very quickly transmitted, as a

pressure wave, a distance of over 4000 feet into the aquifer within one day.

Thus, for fully artesian conditions, changes in river stage could influence

groundwater upwelling to the sloughs almost instantaneously. On the other
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hand, Figure 15a suggests that for waté; table conditions, variatioms in river
stage might not have an appreciable effect on groundwater conditions except
very near the river. Consequently, under water table conditions, variations
in river stage might not be expected to significantly affect average
groundwater upwelling to the sloughs unless the areas of upwelling were

relatively near the river.

3.4.2 Temperature Variations

Groundwater temperature variations have been considered by a process similar
to that used to analyze water level variations. Acres American (1) presented
an analysis of coupled thermal and groundwater flow for a single square-wave
temperature pulse representing the average river water temperature. By
applying the convolution integral approach of Hall and Moench (6), the
analysis of Acres American (1) can be extended to consider shorter time frame

variations in river temperature.

Equation (1) can again be applied, with F(¢) now being given by the river
water temperature. The instantaneous umit impulse response function U(x,t)
can be derived from the unit step response function P(x,t) by differentiation

with respect to time (6). P(x,t) is essentially the solution given by Acres

American (1),

T(x,t) = 0.5 erfc [(x-vrt)fz(bt)]./z] W

wiere T{x,t) is the groundwater temperature at time t and distance x away from
the river due to a unit step increase in river water temperature (1); v_ is
the avfirage retarded velocity of the mean temperature, which accounts for heat
exchapge between the groundwater and the soil skeleton of the aquifer (1); and
D is eﬁe coefficient of hydrodynamic dispersion, which accounts for the
temperature dissipation as a result of mechanical dispersion during transport

through ‘the porous medium (1).
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of this analysis generally conflrmed ‘the results of the similar study

.

Results
performed by Acres American (1): as a result of heat transfer. and mechanical.

dispersion during flow through the groundwater regime, short-term variations
in river temperature are rapidly damped. Consequently, by the time
groundwater has traveled from the river to a nearby slough, its temperature
could easily be approximately equal to the mean annual river temperature.
This conclusion is consistent with the observations noted previously that
slough intragravel temperatures, uhich probably represent the temperature of
are relatively constant throughout the year, and are

upwelling groundwater,

approximately equal to mean annual river water temperature.

4.0 CONCEPTUAL SYSTEM MODEL

The results of the present study do not permit a single model to be formulated
which can describe the discharge and temperature variations which are observed
at the various sloughs studied. The hydraulic and thermal behavior of each

slough is substantially different from that of the other sloughs studied. The
discharge at slough 11 seems to correlate very well with mainstem discharge,

while the discharge at slough 9 is largely controlled by mainstem overtopping
of the berm and the discharge at slough 8A may be complicated by factors such

as surface runoff and groundwater underflow from sources other than the

mainstem of the Susitna River.

Regardless of the complicating factors affecting discharge from each slough,
the available~data suggest that the temperature of upwelling groundwater

remaina'faixly'cagstant throughout the year, at a temperature approximately
equal tg the mean annual mainstem temperature. This study has tended to

confirf previous conclusions that heat exchange between groundwater and soil
materillls, and mechanical dispersion during groundwater transport through the

aquifdr, ace reasonable mechanisms to account for the observed groundwater

tempe r}tures .
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addirional studies within ‘project constraints can improve

It is doubtful that

.ignificaﬁtly on the current status of knowledge regarding the sloughs.

However, one additional field study which might provide significant additional

small investment of project resources would be

information with a relatively
Available

additional attempts at aquifer testing, utilizing existing wells.

data indicates that no successful aquifer testing has been conducted at any of

the project well locations on the Susitna River below Devil Canyon. Falling

head permeability tests were reportedly attempted at the deeper wells at

slough 9, but-the tests were aot successful because of the high permeability

of the material tested. Successful testing of these wells might require

sustained pumping at a relatively high rate for a period of several hours or

days. This would require the use of pumping equipment, electrical generating

equipment to operate the pump, and probably fuel for a generator. Such

aquifer tests, or additional attempts at fallirg head tests or similar in-situ

permeability testing,
ater table or partially confined) and quantify the degree of hydraulic

could help confirm the nature of local aquifer materials

E.Bey W

connection between the river and the groundwatert aquifer. Such knowledge

could help refine present estimates of the rates at which changes in mainstem

hydraulic or thermal river conditions are propagated through the groundwater

regime toward the sloughs.

5.0 EFFECTS OF PROJECT OPERATION

The results of the present study do not permit any detailed projections to be

nade of the slough discharge or temperature variations which might result from

clrauges in mainstem conditions as a result of project operation. Because of

the substantial differences among the sloughs in their hydraulic and thermal

behavifff, it might be necessary to construct a model of each individual slough

in ordfr to make detailed predictions of the effects on the sloughs of changes

<%
in mainstem conditions. However, some general conclusions can be drawn based

on the?kesults of this study.
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Some sloughs, such as slough 11, will béobahly respond fairly directly to

Slough 11 discharge is correlated fairly well

changes in mainstem dllcharge.
J

uxth nlxnsten dlicﬁarge. so any long-term increase or decrease in mainstem

,d;;:h_;ge could result in a similar increase or decrease in average slough )

discharge. However, any such relationship can not be quantified based on

available data.

Some sloughs, such as slough 9 during'the summer of 1983, will be overtopped
during much of the time as a result-of high river stage or ice staging. Such
sloughs might be effectively considered as side channels of the river, rather
than sloughs, during such periods. To the extent that the mainstem flow which
will result in overtopping of the berms of a particular slough is knowi,
projections of project flows can be used to estimate what proportion of the
time such sloughs will carry predominantly mainstem flow (at mainstem

temperatures), rather than groundwater discharge.

However, most sloughs will probably be similar to slough 8A in that it will
not be possible to separately determine each factor contributing to the
discharge of the slough without conducting very extensive additional field
investigations at each such slough. It is probable, however, that for sloughs
which are as complicated as slough 8A, the contribution to slough discharge as
a result of groundwater underflow originating at the river will be small
enough that project variatioms in mainstem discharge will not significantly
affect the slough discharge under most conditions. However, it is not

possible with™present information to either confirm or quantify any such

velations.

Tempeifures of groundwater discharge to the sloughs appears to be reasonably
appto‘;nlted by the mean annual river temperature. It is likely that any
variations in mean annual river temperature as a result of project operation
will afho result in a similar change in the temperature of groundwater
upwelling to the sloughs, to the extent that such upwelling is derived from
the mainstem (e.g., as is probably the case at slough 11). Similarly, for

sloughs such as slough 9, which are frequently overtopped, any changes in

mainstem temperature will also result in similar changes in the mainstem flow
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which is diverted down the slough dur:ng overtopping.
g overtopped periods, which would have some .

This could induce

dounuellzng of river water durin

influence on the average temperature of groundwater which is discharged to the

slough. Again, it is not possible with present information to quantify such

effects.
6.0 SUMMARY

This study provides a review of much available hydraulic and thermal data

ischarge and temperature of side sloughs tributary to the

regarding the d
This review of the data has

Susitna River between Devil Canyon and Talkeetna.

served to illustrate the complexity of hydraulic conditions at the sloughs.
been possible to formulate a single conceptual model which can
escribe each individual slough. On the contrary, each of the

jed in detail differs significantly from the other sloughs in one

It has not
serve to d

sloughs stud

or more important respect. Because of these complexities, it is not possible

to quantitatively predict the changes in slough discharge or temperatures

which might result from changes in mainstem conditions as a result of project

operation.

P

JThe discharge from some individual sloughs (such as slough 11) can probably be

_correlated fairly well with mainstem diaehafse- so that projections could be
made of the changes in slough discharge which would result from changes in

mainstem discharge. However, the discharge from most sloughs will probably be

influenced by diversions from the mainstem as a result of overtopping,

nd runoff and tributary discharge, and other factors which will preclude
¢etaxleu*pruJathons of discharge for each slough in the study reach.
I7.\ /’ »\

>

The tedberature of groundwater discharge to the sloughs does appear to remain

. rela:;mely constant at a temperature approximately equal to the mean annual

river temperature. However, without knowing the proportion of discharge from

an indiﬁidual slough which can be attributed to such groundwater discharge, it

. is not possible to project the time-variation of heat which is available for

salmon incubation at a particular slough.

DRAFT 2/21/84
-26—-

e - e

At Mgy s

NES——



No.

1.
Hydrogeology Report," prepared for Alaska Power Authority, March 1983.

2. Alaska Department of Fish and Game, "Susitna Hydro Aquatic Studies, Phase
I1 Basic Data Report, Volume 4: Aquatic Habitat and Instream Flow
Studies, 1982. Appendix C - Temperature Data," 1983.

3. Alaska Department of Fish and Game, "Susitna Hydro Aquatic Studies, Phase
1I Data Report, Winter Aquatic Studies (October, 1982 - May, 1983).
Appendix A - Continuous Surface and Intragravel Temperatures,' 1983.

4. Box, G.E.P., and G.M. Jenkins, Time Series Analysis, Revisec Editionm,
Holden Day Publishing Company, 1976.

5. Freethey, G.W., and D.R. Scully, "Water Resources of the Cook Inlet
Basin, Alaska," U.S. Geological Survey Hydrologic Investigations
Atlas HA-620, 1980.

6. Hall, F.R., and A.F. Moench, "application of the Convolution Equation
to StreamAquifer Relationships,"” Water Resources Research, Vol. 8,
No. 2, April 1972.

7. pewe, T.L., "Quaternary Geology of Alaska," U.S. Geological Survey
Professional Paper 835, 1975.

8. pinder, G.F., J.D. Bredehoeft, and H.H. Cooper,Jr., "Determination of
Aquifer Diffusivity from Aquifer Response to Fluctuations in River
Stage," Water Resources Research, vol. 5, No. 4, August 1969.

9., R&i Consultants Incorporated, "gusitna Hydroelectric Project, Slough
uydrology Interim Report," prepared for Acres American Incorporated,
Deceiiber 1982.

10. Tuck, ﬁ., "The Curry District, Alaska," U.S. Geological Survey Bulletin
857-C, 1934.

11. Wgton, W.C., "Selected Analytical Methods for Well and Aquifer

Pl Evaluation,” Illinois State Water Survey Bulletin 49, 1962.
¥ s 15
12, Wglton, W.C., Groundwater Resource Evaluation, McGraw-Hill Book
7. Company, New York, 1970.

13. Weber, F.R., "Reconnaissance Engineering Geology for Selection of
Highway Route from Talkeetna to McGrath, Alaska," U.S. Geological
Survey Open-File Report, 196l.

DRAFT 2/21/84

. REFERENCES -

TITLES -

Acres American Incorporated, "Susitna Hydroelectric Project, Slough

_27—

PO ———




e T PP ——

)12 wufe2Yy|e [ w04 wbe( \tv«ld.u
v.ur.uu\.n W yeses] S LST Agratssiwmsuos | ] 29w/

Ll |12 ey B2 N5
@) “YM WV u\ohdme

3 --_,....._.--_--@ D
i
Ao |
R, M
St R -

E Yoo :
1-E G

0k gmat | IR

I_q ﬂ.rf& ZO,Mﬂfn.(mL.l..kuﬁzJHm. __ __1 .._. __moa._ P . Bl __

. - o == N o1 T : s A, ) . [P P A '..". - v !
o S R T I a0 LI L N SR R I




e ———— o

-
|

po Mmos 4o Semy Nuyisng

\hm:_}\ moj{ pro simopwes Apompuwiodsn | 2ambi 4

000'v2 -
28-02-6 :®eqQ

29,

243 o)} @
) A% (b) Smohmsney w3y My sunoguod
|1am uo|1RAJeSQO . va!._?ssaxn. PordAd Ul D g ompuncib pue dew Y

, 0001 =1 ! oS dt&kf
uojIEAd|® J81EMPUNOJB 009,

R LA RN

XA WA

ARy
R S RO

.—J--’.-..’. -‘C.-

e



2y wi #8 Mbnoys C 2bewpsiq
wasuivyy ‘SA Phivyasig Sepempunosn o 2l

(c42 ¢0/) .«o.og.u PI°o uh..s.._ua:w T XTIV

.,...4. : og ot ol OO s
“4 i T 9
: )
Q
[ 4
q
;&
3
x 3
)
.4 Ia._l...r
s -
: 5) % R
¢, 4 B
@ [ -
@ f.\ y L \llf"
?—, —.h f 7
’ .. 4 ﬂh
: e H "
7\ w3,
o' %
© S~V A
] ) " _\, IN
\ _
\ { "
{avv./hﬁ.."

ahaasii'Sf s s s s nnennna



-

YLl v g3 gbmoyc Towr [ “sA
>hwyrsiqg epmivvy P rewpriq  ospepunwg g 2embiy

v TL b/
oy Sl oL/l St o/} Vi 04 o
g T t T v W T t t
%
i
d 2
g ]
...». 3 . b 3
— . ' R = M
T e [ s /. ) 4 ~¢ S
.3 e, o , ‘ ) / m.,
ST ] ke / ) / < o =
s N ( / R
T \ Vo AT / "
. Y _\_ .
= AN -+ \ / 8
4 &\ -
¥ 2, / O-— = - = (0]
‘7 ‘a— - . ﬁb/l Ve .9
< pwo / / / e
= : £ /
3 j s / 3
SRR T2 SN | A ;r 7 17 *
$ \ N 4
.w // ¢ N Q\ / \n.../
: net -_— / ©
3 N abestP Rt e o . -
e P T i ..u..
b - &
. {ﬂ! s i

TeNDIAvN

"ERERE &a F I N T T



e

ol Gurdwny jzip w7avwy
\bv\s [Ie =atd PM¥2yjv) lvpog 32204 .\i.ﬁ:h( ‘b 2umbr

: filu phns ISR THEFEEH
TR TR

 —
=y

L 3
vy

4
4. !

11 Y] | B T
nu 3 .__...m_’.u,. % n -.__ + - | i
U L i - I w
D PHF 4 ' 4 - H |
...-_ it _2 Hlits I .

HEEE]

. ” ___ | AL B

_.. H R
- i = A L
-
R H =y S 2%
T . [ H
> 1 §- =4 4
] HHTHEH A

| i

T T
| \
| |
-

25
1

6_]
5_.
4
3

A\
1
.
~

1.._E
s___J
9_-A

7

6 _F
5__ ]

—
——
—
1T
-
-
T
4___4
—_——
-
-
-
+—
———
—_—
==
———
—r—
—— T
——
T
1
=
——
—_—
e
i
-
“'ﬂz‘:
X
v
T
X
T
T
T
y

2.
1

3___F
2 <=
1_.

SAINMW ™ .ﬂ AWy

-

.



|
i Saighal ] ) ?E : |
"‘ j'dhdlqu - /o =
|
5 /-q|ll #
XYYV 20.908
£ , |
[/
[/
L2 f Il |
+ F" | YT £ 0. B
. i e
Y- | Ll
‘\ 1.9 | | /! J2%
N N et )
v-..4 [ ' 2 '
| oreholl | |
L | 9t 14 | /,/ |
-I; o - \, | 7/ ,'// I 1
3 A4 B
y1i/x
< | | :
= o I 7 / ;{/1; - p Ji
v ’ 0 / I /(
o 1 / A #
< A
< i 7 //7‘/ 7 Pl
. ]
HY i i 7 2 fi “i‘
Fa /l R
; S AaEEmPLti]
: | \ 2
i q i
N A T
V% Al ! '
| g | i
Oo vTo 20 30 40 59
Elapsed €ime, howrs

¥ = Aij‘f‘an(c frim rive- bank

v: 41

storaf tvity (S)

uiter diffusivity, retm of Fransmissivily (T) #°

Fljure

5o
- te

Groundwate— Leyel Variad s in Respose
Rive~ S5St1aye Fluctuat rmns



4 ' ’
r =

“

4 '_o‘ [ ae

J

‘:\ @ wetomeme @ St o ®

b L]

—g e o s e oy ™ e . .

t\’ f i e te o o Wee e 0

‘6 " & ode '] (] L) ']

-~ e Set@ 0 @ pe e 0

LN

3

< L[] eb p o0 @ [ L

1) ver »

- 3}
l ..l 1 1 2 ] f (]

10 5 .20 X v 35
Mainsten. discharge af Geld Creek, loxc-/r
Fijure 7. Slough Il Discharg<e vs, Mainsgen
D.‘_Sc'»\arjc ot GglA Cree.k_




4
————

|

~N
~aTiONAL

-
A
0 ‘Mu. - . . . .\- I
AR b
AR 2 .
i~
. s
. .

ESSEEaEEEEEES

discharge, cfs

Sloujk

40

~
\\

]
-

&

w

Mainstens drrc.ka.rjc at Gold Crcek‘, 103«:4:;

S’OHL\ 4 DiSC’narJg ¥s. Mainstena

DFfCL\‘arJC aZ” Geld Creek

Fl_yurc- ¥,




3o St

i e S

Mainster dischage at Gold Creek, 107 f s (2)

° - s - 9

< 9 =] o Y

=~

|0

= o
4
20

T
jasaa.

15 0 25

0 25

TP

DECIMBER
1015
T
T
T
s
.
T
1
T
i
T
DECEMBER

s
T
I
T
10

U35E £ f2 i Hid HE
" : e
EEETEEH EEE FEEFTH]

T

t

T

I
15 20 25

it
+
:
T
10
NOVEMBER

e
1
¥
T

L]

Fiyurg b, Mainst ena

mw’ S-luujl\ D.r'rcl\47¢
VS, Time

i

.
T
1

15 20 2%

OCTOBER

10

$ 10 15 20 2%

HHTHE 3 H“ 28 1 i
Lettaibicadl Skt thi sl 8
mn ..mw il B jSE3REREE: mm
RS FHHH :
- i ! : R §
HH H [l 11114 FREEETIA [
- tH = HEf 23
Qe : L pE r "
‘ e T T Eh R EdiEE £Esi: R,
gaaac EFEH [ E L R esdEd § TE 2SEaES um
‘Om ex Tt T “& R (T Fri ougd _.m
e FEEF TR L ET T L I i ERE: f g : -
i T i S i ;
2 { (B2331] ELEEES 1EE B i 4 82
® nuur. T | EETEEERE Bk £ . H mm .n 13
, R SAEEEANEEEI TR i ARgELd t
n“ . . g fede
"—v » H B £ 3L H H § L ‘w}:
- T i
— " -+ =t m
Wi ST SEeftest-Hesdity: R
> - : X
2 e e HH e
ERREERN ~ "

i
T
$
T
T84 Fas
41 444

15 20
MAY

D Provisional 1153 dafa Frow R¢m Consultants

25

T
s

1
Bl
15

APRIL

1018

o3
:
15 20 25

HEHE HETH e
umw E u,_.u..Hul Retl=
& TR R (R T sranmEa =

T
15 20 75

e gzt ST AT R Hla g
B H 1aEe T ... | =
1! -

finw USES

dafa

1983

Provisrond






47 1512

KoE IA2HATR BB RTIAETEnem x o e

Al = 5 T EEEEE TR b e LT Feneeiee ey =S =
; TE] FEe) G 39 S = 1 i i =o i i = e i Z==3
] B 5 5 : H i s e
2
T
2
St
S e S
e SEesEma—r
i
SHp =
= —

e = -f%it"ff"fﬁﬂ:“1_
= — 3 = .(.{...,.4_,_,.;: =

_n?—""‘*"zgf'c_.r = b

: g == Lﬁm_.a:b‘vf' 2=




=

== == =

RS s

=3 Adi ::'E:k = =
S e e s e g
= S % = S x
== ﬁ‘u:{}?i ;k.zéi.g?&!._m
TR e e R P e e
= :,—;Eir:._...: ,:4.]' !




i

A
iR

2

—




i

Hos
R
Ao

eI T
éﬁ

=i
=
L
‘—.‘_'_?_

- -

ST e e i
I
=
=
A
E=

- —]

P
=
:Et'-'

=

a5
1;‘—4—%‘- =

i 1l T ﬁ, I r‘m_w
: i
i EHHTTETE il Ll
i e

St

i
e
e

T
i Ml _v
i

Hoihmb

=

A
- “mr i T
e
- w
.m..ﬁw :im




972

'AUGUST
10 1% 7028

5 M

NOAWVTM

0

SLFTLMBIR

33t

il

s §

— i =4
r

e

I

i

Fduneelr—/

1

i I

4

10 15 20 2%

SEFTEMBER

VY e -

.S-Idﬂjl\ ?A ll/&?"&r Temfera_f'urefl

1972,

-]

Figure [0a.

oy

5




1173

o

117
Teas

44
Tt

1

{ints
4
Hity

Tt

oo by

h
i

OCTOBER
1018 20 7%

i
I

3]

2 23
I —
1

10 15 20 25

SLFTEMBER

AUGUST

mn. T
Sollil A il
- = nl - i
A f HiH ™
R 5 H ' "
R aichalc ihoes
(1] ] ]
m... - - b =
A1,
<a 11 =
e ! i
3 i

it

510!5‘7915
ny

JUNL
10 185

JUNE

10 15 20 25

FERRUARY

JANUARY

b L "
TR :
alil
FHEREENE 1T
RIS g £
» A 328 THA
m-._ﬁ.ﬁna. H
ol IFH [T
i HH A FEEH
HHITHT i
l1dztl B
TR SEaRes
SR T
3 o
ml 3
288 ko
8 3 =hE P
HHTEH | H
RITTTT ]
ms | in 1 "
$ " |EEE A1 | R =
STHBY T o
STHTE £ [}
ALY yizd
o u...;mu Fi
% A
R 3 H Erzaszs : 7 &
m... saals B HEH [THE BHE it o
2~ = = B -
& i AL 41 ELHA : =
=2 2
THIE RS 5 g EgEqRaN
T AT T B H3-
R pre et S
| 1 1 L
" 1 1 T ek
i7 o : e
Sl tul i BT 1 (g
i .._ L E ?
ik . I

. S.Iuyl\ A
ﬁmf:rduta

Fijure 10 L

ADF +6- 3 D
ADF ¢¢ Provisi onad 1983 Dafa

Sourtes?



[983

1iit

—H

- OCTOBER

10 15

15 20 7%

15 20 25

SLPTEMBER

SEPTEMBER

15_0 2%

L]

3 70 I3

FEBRUARY

.

JANUARY
15_70

ADF+C C2)

L
¥ %
v 2
T RE
3 3
r.,/m..._./
s
VRS
533
2k
LY
1S
3
™~
LV

ADFHtG Provisivwe 1983 Dida
R+ G\nru’)‘w‘,’tf Prw:‘namJ 1973 Dafa

Sources



[953

5 0 18

T

OCTOBER

1

L]

T

T

5 10 15 : 25
+ OCTOBER

I

SIPTEMUER
1015 7 7%

10 15 20 25
SEFTEMBER

5

15 2 78

AUGUST

10

15 20

AUGUST

Laes

1510wy}

s 70 25

any

10

RS ﬂﬁ._?

1

il

10 15 20 2%
T

Y

15 20 25
.uE

R : . .
PiiElEe :
mw i 8 .ﬂ, WESER : 3
i = £ T
n .:.v apas=n
B . .q
m 8 1

L]

3
"

FLORUARY

10 1%

L . §
MWun 3 H 3

bl

1z

Figure 12, Slowgb || Wwate~

AD Fte €2)
A’DF‘*& Provixirna 19183 Dafo.

.

Sources

| enperntures, 1983



_ octoseR
0 15 20 28

e
nmlvfrufwf.fl I‘]f}'

S[FTEMBER
10 15 20 2%

Ffjﬁre 1z, S!oujh 2] ke

10 15 20 25

SEPTEMBER

s

: “ i

; e ; i
of[H 7 a5 e EE e E
B i
HHE s B ETIT R e e e 2 T e

AUGUST

—Hra )i

Iy

I
soa e i A

T
1

1983

10 15 0 I8

<
&
FEIE L g § iEe 2HEd: ..... . ﬂ
" £ £ g . -
CEEE : £ : FHIEEL "
“ 13 el » g 1 o
R e SR “m ..m
mu H aPRaESE B; =
s i ; Aerr 2 bal
R | B LR EE2iEE . -~ S
o i 22222 2 iEEs Pt *..M.. ™ Dr
35584 g g3 i L . <j o
. i e 1 N S
. R B : .. qov
w” A ; : oW
I 228 8 H THm i o oy a
i i FI il Aﬂ lﬂ
W ! g =8
; sz " &

FLBRUARY

1015 70 75

10 15
FEBRUARY

Sowvees

JANUART
1013 70 7%

HEELEEEI s5cdk
GEN et P

5




Water level elevatrmm , feet (mrl)

" —‘.—.. __ .
: ==
gy b e e .s
Ty e—s. et —F—
g3s 33
e i
— = = T
e
= — = : i
—Hj B Rt =
== T

407 ‘ : e A

506 —‘:— H GE: _%Z T = : = o H
i L , = : 2 : ,-:A:' ST it i ;lw -’—_‘

e mEEEEE e e =t

B piEE A i =
et = : EE e e s et
: S e e e

: R e e = :

FEE s e mmeee—nT T e e e e =
=== B 2 1 70 ] = 3 ] 2 4

2 3__4_';'_3__7 ] '
Eia-ff‘“' {-EW\(' dﬂy}' (dq.y |l = /\44\7— zS, /1?3) 7 7

Fr;urc 14 Simulated &

Varied ines 1h

River Stye |



i e
1 w. il f thifid alm.
el i G !
,.I ....L 3 Mﬂm
f..t.a Hil i u. B2
it i
Efi i e
M it
| m. T %u m..au_ jv#m m, _£x1+
_ m xm i i
T 1 *ﬂ il £
NG i il
rm_ ﬂ, mfmﬁ i i
AR ﬁ i Bl
i | u_w r H i
e
! = £d mﬁ & be B ] H
L:_...M: i haz i il i i 1] ek m._m
Tl e R el "
e e e T g ahilizieiilg .
e e A il it il )
DS e R S
R e R S e il IS
HE AR i il k by
mm mj i LiE AR il _m 8
; i it fidt I
il | tH ‘w.w H ﬂ
il L T H Bl v
i il it s
; il m o
id m.m _ i mg m
i | iRl il
e i
R o
.
AR ‘in ..Hx I .@ H
il 1] (LB | [Fo ] HH 1| 4 \x.J: \_.ull
_ e e
AT 3 5 224, WA
HIW_ i wn_mmm&ﬁ ; ._,“__ .vn%_ s
Pt Gt ! _
H : “.m__ [ .‘mM@u
: E : e
21 1 5.
T &
.
__wm; i W m i
il |

e

=

e
el

H ,A

1]

&0

(25m) 3294 T\ pone )2 2as|

.Lﬂ.h,‘\.._

DPrstance Firml

Lerd.r

Simulted Croundwate
Vs,
Ei er, Stuvg e Coefioy

F;;p.r-.:_ /5a .




—F = = o SEe== e .ﬁ“ ..E...}Lzl’ 1 =
= He et iy Rem e o = === ] — ==
=i i =i — e = =
e ESior e nalir =5 == — == === = et et — i —=H
B — ==
= Eoent -1220 £ ot
= = =3
& —1 =
B = BT : =2
= 55 =¥ 2t
:s : = =T
: = EE ST SRS B i e
= = 3 e ettt = TII —+
ST = B T : = 3 =i it i
= T = == EEEE ——it o R Tty st e e i

i
i
|
|
|
i
|
H
|\
|
EEME il

e = = SEiE
= Tt

H

il
pallssstilise
i

dil

i
i
bt

|
LAl
Iq.l‘

= EH
—
=i ==
S e e e e =g I -

1 7¢:’ — = = ‘- = e
100 Ce i nw 200 w0 200 _zm Jow 0 w I W v 40 ol
: Drs5stance Pom rivey feet ﬁ ) o - _ : )

‘ Fiju.ra )5 b. Simulated Crundiater
Levels vs, Pisfouce Frie
River, SPrye Coercient = 0.0



=i B

-

EEEE B

3

1 EEamen e
- =
=3 + e
HE = = =
=== =
§85
1
Zait

m .
PN

B B
3\

3
Bl

-

H EEEEE B
:

by
%

® 1

= == E=s
e =1 - = - i
AR
T 47 ] =
2 pr it
= Lo = = = Eo— =
SRS s E=s : =it b B e — = HE ts I
e = SR Es e
= s = =
———— s == 3
= = =
i = = ==
= e
£ £ s g
= g e a5
:E Be 1 P
S = : HTiEEs _
= : £ G
e e e
= T = EEEET 55 = Eshn
= G 3 s P = T = o =
i =i
P == T T
E e i
= T —

i 200 25
p isTance ‘FY‘FM

Jerw

F:‘juq’t- J5c. Simulap ed Crounpiafe Levels
‘vs. Piztance Frnw Kiver,
ﬂvn;e Cocffreienr = 0,002



EREE : = = EE = B

e = e == =t =5 faE FET Tt
= i R 5 =
T Fp S = % = e e
= = = YAy f=F = £ dthr] ot
E — T = =

e f = i E=gines

S

== : i 5
| E
==k 2 :
of SrEEt - ety mﬁﬁ & =
=== — =
s = = T = = =
E e

0 - . T W - noe= Y= foro s
: 7 Distance Frrm river, feet :

:
I . - . : - ' 7 | Fr]m 154, Simadated Croundiate~ Levels
E
i

vs. Disfance frmm River,
STorsge CocfPicient = 0.0002.




