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Analysis of groundwater exchange for a large plains river
in Colorado (USA)
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Abstract:

Complete daily water budget information was assembled for a 105 km segment of the South Platte River in the plains
region below Denver, CO, for the period 1983—1993. The data were used in testing the possibility that dependence
of alluvial exchange mechanisms on stage height, as shown by models of alluvial exchange, allows alluvial exchange
to be predicted continuously over a given reach through use of statistical information on river discharge. The study
segment was divided into an upper and a lower reach; daily alluvial exchanges for each reach were estimated by
the method of residuals. The two reaches show small (15%) but statistically significant annual differences in rates of
exchange. For each reach, there is a seasonal pattern (2-5-fold oscillation) in alluvial discharge to the channel, reflecting
seasonality in recharge of the alluvium by irrigation. At discharges up to 40 m3/s (82nd percentile), alluvial discharge
to the channel occurs at a rate independent of river discharge. Above 40 m?/s, net alluvial discharge into the channel is
progressively reduced; at 60 m3/s (92nd percentile) there is no net alluvial exchange. At still higher river discharges,
water is lost to the alluvium through bank storage at a rate that is linearly related to the logarithm of discharge.
Annually, alluvial discharge accounts for 15-18% of water entering the study segment, and alluvial recharge through
bank storage accounts for 2—4% of water leaving the segment. Alluvial recharge through bank storage at the highest
discharges can, however, exceed low-flow alluvial discharge rates by five-fold over short intervals. Even though daily
alluvial exchanges vary widely, they can be estimated at 7% values above 80% on the basis of reach, season, and river
discharge. Copyright © 2001 John Wiley & Sons, Ltd.

KEY WORDS alluvial groundwater; river discharge; seepage; recharge; water balance

INTRODUCTION

Rivers with permeable or semi-permeable channels that are flanked by alluvial deposits of high hydraulic
conductivity are likely to show significant losses to bank storage at high flow and subsequent discharge
of bank storage with declining flow (Moench et al., 1974; Jordan, 1977; Kondolf et al., 1987). Analysis of
these exchanges can be complicated by heterogeneity in alluvial deposits (Sharp, 1977), asymmetry of channel
morphology (Whiting and Pomeranets, 1997), and stream bank phenomena that are difficult to quantify (Barlow
et al., 2000). Modelling of exchange between channel and aquifer has become increasingly sophisticated,
however, and presently can incorporate factors such as hydraulic heterogeneity and recharge to the aquifer
independent of bank storage (Squillace, 1996; Barlow et al., 2000; Moench and Barlow, 2000).

Modelling of alluvial exchange has dealt mainly with individual episodes of high discharge. The results of
modelling suggest, however, that an extended period of record with numerous changes in flow might show a
high degree of regularity in the relationship between alluvial exchange and channel discharge (e.g. Squillace,
1996; Barlow et al., 2000). Such regularity would be explained by loss of flow to bank storage at high flow
in amounts closely related to discharge (or stage height) in the main channel, return of bank storage to the
channel at rates dependent on elapsed time and hydraulic conductivity of the alluvium, and transmission
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of watershed-based alluvial recharge to the channel at low flow. If these mechanisms could be described
statistically, they would provide a basis for predicting the direction and amount of alluvial exchange over
extended intervals involving complex changes in discharge. The possibility of close statistical relationships
between channel discharge and alluvial exchange, as expected from mechanisms that are known to govern
alluvial exchange, is tested here over two plains reaches of the South Platte River, Colorado, that are subject
to aquifer recharge through irrigation.

STUDY SITE

The South Platte River drains an area of 62900 km?, most of which lies in northeastern Colorado (Figure 1).
Its headwaters, which are fed primarily by snowmelt, are located near the Continental Divide southwest of
Denver. There is a physiographic transition zone from mountains to plains near Denver, below which the
South Platte becomes a plains river with a meandering course and low gradient. The study site is located in
the plains region.

Annual precipitation in the montane portion of the South Platte watershed is generally more than 75 cm/year,
but the plains portion of the drainage is generally semi-arid (below 38 cm/year; Dennehy et al., 1995). Flow
is highly regulated throughout the drainage for municipal and agricultural water supply; the South Platte River
has been subject to diversions since 1868 (Eschner ef al., 1983). Present water management involves storage
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Figure 1. Map of the study area showing the location of gages, tributaries, and diversions (see Table I for codes)
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of seasonal runoff, diversions and pumping for agricultural and municipal supply, and addition of wastewater
discharges to the river.

Even though flow on the South Platte is extensively regulated, seasonal patterns are evident (Hurr et al.,
1975; Knopf and Scott, 1990). Peak discharges occur typically in May and June and can reach or exceed
10 times the historical mean discharge (34 m?/s for the period 1976—1994 at the Kersey gage). In spite of
an increase in consumptive use of water, the mean discharges in the South Platte River have not exhibited
a downward trend, probably because of interbasin transfer of water (Eschner ez al., 1983; Knopf and Scott,
1990).

The study area lies between Kersey and Cooper Bridge on the South Platte main stem (Figure 1). This
segment, which is 105 km long, is gaged at three points. The upper gage is at Kersey (USGS 06754000),
the middle gage is 67 km downstream near Weldona (USGS 06758500), and the lower gage is at Cooper
Bridge (USGS 06759910), 38 km from the Weldona gage. These three gages divide the study segment into
two reaches for the purposes of hydrologic analysis.

In the upper reach, between the Kersey and Weldona gages, there are four tributaries (Figure 1), as listed
in Table I. Of these, only Crow Creek is important to the water budget of the South Platte main stem; the

Table 1. Location and names of tributaries, diversions, and sampling
points for the study site on the South Platte River. Map references
correspond to Figure 1

Tributary or diversion name River (km) Map reference
South Platte near Kersey 0-0 1
Crow Creek 72 A
Empire Canal 8-4 B
Riverside Canal 9-8 C
Illinois Ditch 9-8 C
Box Elder Creek 10-3 D
Bijou Canal 21-1 E
Putnam Ditch 21-1 E
Corona Ranch Ditch 21-1 E
Lost Creek 30-6 F
Jackson Lake Inlet 323 G
Weldon Valley Ditch 41-4 H
Kiowa Creek 49.7 I
Jackson Lake Outlet 513 J
Fort Morgan Canal 60-0 K
South Platte near Weldona 66-6 2
Weldon Valley Ditch Return 66-8 L
Bijou Creek 729 M
Bijou #2 Release 72-9 M
San Arroyo Creek 729 M
Upper Platte & Beaver Canal 75-8 N
Deuel & Snyder Ditch 75-8 N
Badger Creek 86-3 (6]
Lower Platte & Beaver Canal 87-4 P
Tremont Ditch 87-4 P
Snyder—Smith Ditch 87-4 P
Wildcat Creek 90-6 Q
Beaver Creek 102-8 R
Antelope Creek 103-6 S
North Sterling Canal 104-1 T
Union Ditch 104-1 T
South Platte at Cooper Bridge 105-1 3

Copyright © 2001 John Wiley & Sons, Ltd. Hydrol. Process. 15, 609-620 (2001)



612 A. SJODIN, W. M. LEWIS JR. AND J. F. SAUNDERS III

other three tributaries were dry more than 99% of the time between 1983 and 1993. Releases from Jackson
Lake, an off-channel storage reservoir, add flow to the upper reach from October to April. Nine diversions
draw water from the upper reach (Figure 1, Table I).

In the lower reach, there are six tributaries (Figure 1, Table I), of which four (San Arroyo, Badger, Antelope,
and Beaver) had no flow between 1983 and 1993. Bijou Creek and Wildcat Creek had flow for most days in
the same period, and the discharge of Bijou Creek was augmented by return flows from Bijou #2 Reservoir.
Weldon Valley ditch also returns flow to the South Platte. Seven diversions withdraw water from the lower
reach (Table I). Of these seven, two (Snyder—Smith and Union) operated infrequently (less than 3% of the
time between 1983 and 1993).

All of the tributaries to the study segment have small, semi-arid watersheds. Most of these tributaries carry
diversion water for municipal or agricultural use (e.g. Crow Creek and Bijou Creek; USGS, 1964). Some
tributaries have been dammed by the Natural Resources Conservation Service (e.g. Kiowa Creek; USGS,
1964).

The valley fill alluvium in the study area is made up of Holocene sands and gravels that rest on shale
of Cretaceous origin (Dennehy et al., 1993). The alluvium is 3-2 to 12-9 km wide and 6-1 to 36-6 m deep
(Hurr et al., 1972a—c). The alluvial material is relatively coarse; its hydraulic transmissivity ranges from 58
to 462 m3/day/m (Hurr et al., 1972a—c). Head drop between alluvial groundwater and the channel is typically
low (<30 cm at low flow; Morel-Seytoux et al., 1979). The South Platte River has a braided or anastomosing
channel (Ward et al., 1989; Knopf and Scott, 1990) with an average slope close to 0-13%. The channel
substrate in the study area of the river is shifting sand and gravel and has an organic content of less than
1% (Ward et al., 1989). The mean width of the upper reach varies seasonally between 110 and 220 m (lower
reach, 120 to 310 m). The depth at median discharge is 0-40 m at the top of the two reaches (24 m3/s), 0-46 m
at the junction of the two reaches (18 m?/s), and 0-40 m at the bottom of the lower reach (13 m?%/s).

METHODS

Hydrologic data for this study consist of daily mean gage values from calibrated water-stage recorders
(precision £15%) for the main stem and the prominent tributaries and diversions, and instantaneous diversion
flows (usually taken from calibrated staff gages, precision =15%) for the smaller ditches, canals, and tributaries
in the study segment. Tributary flows were obtained from the daily water information log maintained
by the state government (Water Commissioner for Colorado Water District 1, personal communication).
Daily average flows for diversions were also obtained from state sources (Water Resources Division of the
Office of the Colorado State Engineer, personal communication). The three gages on the main stem are
operated by the United States Geological Survey, which is the source of data on discharge at these locations
(http://waterdata.usgs.gov/nwis-w/co/). The period of record for the study is 1 October 1983 to 30 September
1993.

Net alluvial exchange was estimated for each day as the residual of discharge between gages after correction
of the upstream discharge for measured input (tributaries, releases from storage reservoirs) and measured output
(diversions). The residuals were estimated separately for each of the two study reaches (Kersey to Weldona,
Weldona to Cooper Bridge). Estimation of alluvial exchange in this manner causes the final estimate to
include not only alluvial exchange, but also any systematic or random errors associated with the empirical
measurements from which the residuals were obtained. Alluvial exchanges in this segment of the South Platte
are, however, sufficiently large that the presence of estimation error does not preclude quantitative estimation
of alluvial exchange by the method of residuals. As shown below in the results section, a basis for quantitative
estimates can be demonstrated through standard deviations for water-budget components and by concordance
of seasonal patterns and discharge—exchange relationships across the two reaches.

Both positive and negative exchanges occur between the South Platte and its adjacent alluvium. Movement
of water from the alluvium to the main channel will be designated here as ‘alluvial discharge’. Movement of
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water into the alluvium will be designated as ‘alluvial recharge’, which can occur from the channel (through
bank storage) or from the watershed (through irrigation). Only the daily net flux is estimated here; surface
waters constantly move between the channel and the hyporheic zone, whether the overall net flux is positive
or negative with respect to the channel (Gordon et al., 1992).

Unrecorded direct runoff could inflate estimates of alluvial discharge. For this reason, field inspection of the
study segment was conducted on seven dates (1994: 5 January, 15 February, 7 June, 21 June; 1995: 3 August,
2 November). The inspection showed that unrecorded surface runoff is negligible by comparison with alluvial
exchange.

Evapotranspiration losses from the water surfaces are part of the residual from which alluvial exchange is
estimated. Estimates show, however, that evapotranspiration would fall below 5% of alluvial exchange, and
would for this reason not be quantitatively significant.

Net movement of water between the channel and the alluvium is expressed here as flux per unit distance
(m3/km/s; positive for alluvial discharge, negative for alluvial recharge).

RESULTS

Water budget

Figure 2 provides an overview of the discharge of the South Platte River at the upper end of the study
reach (Kersey gage) over the interval of study (1983-1993). Hydrographs for other points along the study
segment show similar patterns.

As shown by Figure 2, the discharge of the South Platte has an annual peak during May, June, or
July, reflecting seasonal runoff. In addition, brief peaks may occur at other times in connection with
individual storms. For 1983-1993, median discharge of the South Platte at Kersey is 24 m3/s; the 10th

South Platte River near Kersey
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Figure 2. Hydrograph of the South Platte River near Kersey, at the upper end of the study segment, over the interval between October 1983
and September 1993
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percentile is 11 m3/s and the 90th percentile is 56 m®/s (Figure 3). Low discharges can occur in any
month. There is considerable interannual variation caused by differences in the amount of snowpack in
the headwaters.

Table II gives the volumes and percentages for each water budget component as a daily mean for each
month, as well as the annual mean volume across the 10-year study interval for the upper reach (Kersey
to Weldona) and the lower reach (Weldona to Cooper Bridge). The means for input and output in specific
months reflect the seasonality of snowmelt at high elevation (May and June) and of irrigation withdrawals,
which in July and August can even exceed main stem output for the upper reach.

The seasonal pattern for tributary flow is different from that of the main stem. High tributary flows begin
as early as April and extend through September or October. Although tributaries are an essential component
of the water budget, they in no case make up more than 9% of the budget, and in most months they comprise
less than 2% for the upper reach and less than 4% for the lower reach.

Alluvial exchange is much larger than tributary flow. In the upper reach, alluvial discharge adds an average
of 17% annually to the source side of the water budget for the channel (15% for the lower reach), and accounts
for as much as 30% during July. Alluvial discharge occurs in all months, and ranges about two- to three-fold
around a peak coinciding with the highest diversions for irrigation. Alluvial recharge through bank storage
is temporally erratic and ranges much more widely in magnitude than alluvial discharge; it is seldom large
in winter months, and shows a peak coinciding with the months of highest stream discharge. On an annual
basis, alluvial recharge through bank storage is about one-fifth the size of alluvial discharge for the upper
reach (one-sixth for the lower reach).

South Platte near Kersey
01-Oct-83 to 30-Sep-93

1
= 08
Q
o 5
Q
S 06}
a.
a) B
=
90.4-
‘-c:-; -
0 02
0:02
0 ] [ S S T N A | I I N SR B s 2 N | A T IS W I I I
1 10 100 1000

Discharge, m?/s

Figure 3. Recurrence probability plot for discharge of the South Platte River near Kersey, at the upper end of the study segment, over the
interval between October 1983 and September 1993
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Annual diversions to irrigation and storage are very large (39% of the water budget for the upper reach
and 26% for the lower reach), and occur throughout the year.

Analysis of alluvial exchange

Daily alluvial exchanges were clustered by month across the 10-year interval and plotted as a function
of channel flow. The plots show two features: (1) alluvial discharge is constant for a given month when
the channel flow is below about 40 m%/s; and (2) there is a progressive decline in alluvial discharge
beginning at about 40 m?/s and leading to reversal of alluvial exchange (recharge through bank storage)
at channel flows greater than approximately 60 m’/s. The increase in alluvial recharge with increasing
channel flow is approximately linear on a logarithmic scale. These patterns are evident for both reaches
and in all months, but are clearest for months showing the broadest range of flow across the 10-year
period of study (e.g. April: Figure 4). Figure 5 summarizes the relationship of alluvial exchange to channel
flow.

Table III shows the alluvial discharge under low to moderate flows for each month. Although alluvial
discharge shows no trend below channel flows of about 40 m?/s, channel flows below 28 m3/s were used in
constructing Table III so that results would not be influenced by higher variance in alluvial discharge that
develops in some months between 30 and 40 m?/s. The standard deviation is considerably smaller than the
mean for any given month, indicating that the means can be used in making quantitative estimates of alluvial
discharge for the two reaches. As shown by the table, alluvial discharge at low to moderate flows varies

South Platte River
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Figure 4. Relationship between discharge and alluvial exchange for the study reach between Kersey and Weldona, for all days in the month
of April, 1984—1993 (points are 9-day moving averages)
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Figure 5. Illustration of the components for statistical analysis of alluvial exchange
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approximately two-fold across months and is highest during the months of highest irrigation rates. Alluvial
discharge is very substantial, however, even when irrigation is not occurring. The table also shows that alluvial
discharge is higher in the upper reach of the study segment than in the lower reach. While the difference
between reaches is statistically significant on an annual basis, it is relatively small (annual mean 0-12 m?/km/s
for the upper reach vs. 0-10 m3/km/s for the lower reach). These rates are higher than ones that have been
estimated for reaches nearer to Denver, where irrigation is less prevalent (0-05 to 0-09 m?/km/s; Dennehy
et al., 1995).

Quantification of the relationship between discharge and alluvial flux at high channel flows involves
estimation of the slope of a line relating alluvial exchange to channel flow above approximately 40 m?/s,
where alluvial exchange begins to show a response to increasing channel flow. The intersection of this line
with a line of zero slope representing the alluvial discharge at low to moderate channel flow completes
the statistically-based description of alluvial exchange in relation to channel flow (Figure 5). Quantification
of the positions of both lines is possible only for months when substantial numbers of data points (daily
flows) exceed 40 m3/s. There are four such months (April, May, June, August), each of which was analyzed
separately for the two reaches.

Relationships of channel flow to alluvial exchange above 40 m3/s for the four months of the upper reach
were very similar, as were those of the four months for the lower reach. Thus the data for the four months were
pooled for each reach (Table IV). Further analysis showed only minor differences in relationships between
reaches. Therefore, all of the data were pooled and the result is as shown in Table IV. The data in Table IV
are based on flows above 42-5 m%/s; repetition of the analysis with various other discharge cutoff points
above but close to 40 m*/s showed little difference from results given in Table IV. As indicated by the
table, alluvial discharge is constant up to about 40 m>®/s (82nd percentile), declines to zero at about 60 m’/s
(92nd percentile), and then gives way to progressively greater alluvial recharge through bank storage above
60 m3/s.

Copyright © 2001 John Wiley & Sons, Ltd. Hydrol. Process. 15, 609-620 (2001)
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Figure 6. Alluvial exchange, channel discharge, and diversions (water year 1988) for the South Platte between Kersey and Weldona as
calculated from equations developed in the study (see text)

Table III. Estimates of alluvial discharge at river discharges <28 m?/s over a 10-year period of record (1983-1993)

Upper reach Lower reach
(Kersey to Weldona) (Weldona to Cooper Bridge)
Mean discharge Standard Mean discharge Standard

Month (m?/km/s) deviation n (m’/km/s) deviation n

Jan 0-073 0-019 212 0-070 0-021 212
Feb 0-089 0-023 176 0-082 0-022 202
Mar 0-081 0-012 154 0-073 0-024 255
Apr 0-129 0-020 149 0-111 0-023 196
May 0-129 0-019 181 0-109 0-036 203
Jun 0-152 0-025 125 0-110 0-051 184
Jul 0-150 0-026 236 0-132 0-034 284
Aug 0-141 0-015 258 0-132 0-033 268
Sep 0-150 0-015 240 0-143 0-022 243
Oct 0-107 0-027 246 0-104 0-026 275
Nov 0-088 0-012 170 0-083 0-021 248
Dec 0-085 0-021 193 0-081 0-017 232
Annual 0-116* 0-018 2339 0-103 0-008 2801

2 Significantly higher than for lower reach (p < 0-05).
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Table IV. Results of the regression of alluvial exchange (m*/km/s) vs. log of river flow
for flows above 42-5 m?/s (all relationships are significant at p < 0-001)

Statistic Upper reach Lower reach Combined reaches
N 486 344 830
Slope* 0-779 0-722 0-750
Standard error, slope 0-014 0-015 0-011
Constant 1-39 1-25 1.32
Standard error, constant 0-056 0-038 0-053
r? 0-857 0-872 0-840
Suppression flow® 43-17 38-67 41-05
Equilibrium Flow® 60-86 53-86 57-54

4 Ay = exchange as m(*/km/s), Ax = logarithm of discharge (m?/s).
b Suppression flow is that at which alluvial discharge first begins to decline in response to increasing
flow; equilibrium flow is that at which alluvial exchange = 0.

DISCUSSION

Temporal variation in the rate of alluvial exchange for the South Platte study region is related to river reach,
time of year, and discharge. River reach, which accounts for variation of about 10% in annual exchange,
is the smallest of these three sources of variation. Season, which accounts for a two- to three-fold variation
among months, is the second largest source of variation. River discharge is the largest cause of variation; the
rate of exchange at the highest flows is of opposite sign to exchange at low flows, and is five times as high.

Some variation between adjoining river reaches is expected because of differences in the amount of irrigation
recharge per unit area of land, as well as other factors involving characteristics of the alluvium or channel
morphology. Also, for a given reach, seasonal variation is expected because of the linkage between discharge
from the alluvium and recharge of the alluvium by irrigation, which is extensive, seasonal, and includes lands
very near the channel.

The relationship between channel flow and alluvial exchange is the most important and most complex
of the three sources of variation. At the highest flows, there are large losses to bank storage. As expected,
there is a direct relationship between the amount of channel flow and the rate of loss to bank storage (e.g.
Barlow et al., 2000). At flows below 40 m?/s, alluvial discharge is steady because it is explained primarily by
movement of irrigation recharge through the alluvium to the channel. In the South Platte, alluvial discharge
by this mechanism at low to moderate flows is substantial, in contrast to ephemeral streams or streams lacking
alluvial recharge in the watershed (e.g. Lane et al., 1971). In fact there is considerable alluvial discharge to
the channel even up to relatively high flows (c. 80th percentile).

Multiple processes characterize the transition (40—60 m3/s) between high and low to moderate channel
flow. A rise in channel flow within this range appears to change the hydraulic gradient for alluvial water,
thus suppressing alluvial discharge. Separately, and probably concurrently, a rise in channel flow may induce
bank storage in the unsaturated portion of the alluvium. In addition, channel flows between 40 and 60 m3/s
at times of receding flow may lead to a return of water from bank storage over intervals as long as several
weeks (Whiting and Pomeranets, 1997). The data show, however, that return of bank storage is small (c.
20%) relative to total alluvial discharge.

The results of the South Platte study indicate that basic mechanisms of alluvial exchange, as described
analytically and numerically in previous detailed studies of specific high discharge events, indicate feasibility
for statistical description of exchange over a long record of flows in at least some rivers where alluvial
exchange is important. For the South Platte, the statistical approach shows a high degree of predictability for
alluvial exchange through its quantification of the relationship between river discharge and losses to bank
storage at high flow, steady discharge from the alluvium in any given month at low to moderate flow, and a
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transition between these states as the hydraulic gradient for alluvial discharge changes under the influence of
change in river discharge. Information of this type can be applied directly to geochemical and biogeochemical
studies that require estimates of exchange continuously over long periods of time, rather than on an event
basis, and for which the calibration of numerical models is impractical.
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