Estimation of regional aquifer parameters using baseflow recession data
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Abstract: Rorabaugh’s (1963) theoretical model of groundwater flow to a stream is used to
estimate regional aquifer parameters in the Papaloapan River basin, in southern Mexico.
This is a large tropical basin, with 46,517 km?, a diversity of climatic conditions and a
substantial interaction between surface and groundwater. Baseflow recession data is used
to calculate time of storage, basin constant, and hydraulic diffusivity for ten locations
throughout the basin. The results show reasonably good agreement with local geology, as
assessed by geologic maps and pumping tests.
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1. Introduction

In groundwater hydrology, there is a need to estimate aquifer parameters such as time
of storage (Hall, 1968; Ponce, 1989), basin constant (Rorabaugh and Simons, 1966) and
hydraulic diffusivity (Freeze and Cherry, 1979). The estimation of these parameters based
on streamflow recession data is possible using a theoretical model developed by Rorabaugh
(1963) and extended by Rorabaugh and Simons (1966). Rorabaugh (1963) converted the
heat-flow diffusion equation into groundwater units and, therefore, he was able to relate
baseflow discharge to aquifer parameters.

We have applied Rorabaugh’s model to baseflow recession data from the Papaloapan
River basin, in southern Mexico. Our objective is to show that quality recession data can
be used to estimate aquifer parameters with a high degree of confidence, thereby linking
groundwater and surface water processes. These estimates complement those based on
pumping tests, and could be used as reasonable estimates in the absence of field data

(Moore, 1992).

2. The Rorabaugh model

Rorabaugh (1963) developed a theoretical model for the groundwater discharge to a
stream, assuming a basin having uniform, homogeneous, isotropic characteristics, i.e., of
constant hydraulic conductivity, coefficient of storage, and aquifer thickness. The equation
is:

2Tt

ho _
q=2T("")e s (1)

in which ¢ = groundwater discharge per unit of stream length, from one side; 7" = trans-



missivity, defined as the product of hydraulic conductivity and aquifer thickness (Freeze
and Cherry, 1979); h, = instantaneous head difference between water table and stream,
measured from the groundwater divide; a = distance from stream to groundwater divide
(aquifer half-width); S = coefficient of storage, and ¢ = time. This equation is applicable

after the streamflow recession is well established, i.e., after a critical time ¢, such that

Z;tg = 0.2 (Rorabaugh, 1963; Rutledge and Daniel, 1994; Mau and Winter, 1997).

Using Darcy’s law, it can be shown that the quantity 2T(%) is essentially a reference
unit-width discharge ¢,. Since Eq. 1 models the exponential decay of distributed ground-
water discharge, Rorabaugh and Simons (1966) extended this equation to develop their

at-a-station baseflow model:

2Tt

Q = Qoeim (2)

in which @ = baseflow at time ¢; and @), = baseflow at time 0.

Trainer and Watkins (1974) have used Rorabaugh’s model to estimate areal transmis-
sivities in the Upper Potomac river basin. More recent studies have applied Rorabaugh’s
model to estimate groundwater recharge in diverse hydrogeologic settings (Rutledge and
Daniel, 1994; Mau and Winter, 1997; Sanz, 1997). Herein we extend it to estimate sub-
basin aquifer parameters in a large tropical basin featuring a diversity of hydrogeologic and

climatic settings.

3. Aquifer characteristics
Boussinesq (1877) linearized the equation governing groundwater flow and expressed it

as a diffusion equation which can be solved more readily (Hall, 1968). With the diffusion



analogy, a groundwater basin can be characterized in terms of the following parameters:

1. Time of storage ts (Hall, 1968; Ponce, 1989; Tallaksen, 1995), a recession constant

equal to:

4a®S
b= 2T )

The time of storage is such that when ¢ = ¢, the discharge has receded to 37 percent

of its value at t = 0, i.e., it is a measure of the relative speed of the recession.

2. Basin constant K, (Rorabaugh and Simons, 1966):

Ky = —5 (4)

The basin constant (in 7! units) combines the geometric and hydrogeologic proper-

ties of the aquifer into one convenient parameter.

3. Hydraulic diffusivity D (Freeze and Cherry, 1979):

D=

T
3 (5)

The hydraulic diffusivity (in L?7~! units) combines the hydrogeologic properties of

the aquifer into one parameter characterizing a diffusion process.



4. Application to Papaloapan river basin

Rorabaugh’s model was applied to streamflow recession data for the Papaloapan river
basin, in the states of Veracruz and Oaxaca, Mexico (Fig. 1). This is a large tropical basin,
of 46,517 km?, which features a diversity of hydrogeologic and climatic settings.

Table 1 shows selected gaging stations, stream, location, mean annual precipitation
and subbasin geometric characteristics. The hydraulic length, i.e., the length measured
along the principal watercourse, was obtained from topographic maps. The aquifer width
was estimated as the ratio of drainage area over hydraulic length. The climatic conditions
range from very humid to arid, e.g., Rio Usila at La Estrella, with 4805 mm of mean annual
precipitation to Rio Xiquila at Xiquila, with 354 mm.

Figure 2 shows the 1972 hydrograph for Rio Tesechoacan at Azueta (Comisién del
Papaloapan, 1972), typical of the streamflow data for the Papaloapan river basin. Baseflow
recession data for the two-year period 1971-72 were assembled for the selected gaging
stations. For each station, several baseflow recession periods at the end of the dry season,
lasting from 5 to 18 d, were selected for analysis. For each period, daily values of time of
storage, basin constant, and hydraulic diffusivity were calculated, and averaged to obtain
period values. For each station, the average period values were again averaged to obtain
mean station values.

Table 2 shows calculated aquifer parameters for the ten selected subbasins, which com-
prise a diversity of hydrogeologic and climatic settings. The time of storage varies between
23.49 and 116.64 d; the basin constant varies between 0.00586 and 0.01725 d~!; the hy-
draulic diffusivity varies between 0.058 and 15.619 km? d 1.

Table 3 shows predominant rock types, varying from igneous (basalt) to sedimentary



(sandstone, limestone) to metamorphic (schist) (Geologic maps of Mexico, 1:250,000 scale,
published by INEGI). Table 4 shows predominant rock types grouped in terms of time of
storage.

Group I (Jacatepec, La Estrella, Monterrosa, and Quiotepec) has short time of storage
(23 to 35 d). These subbasins are located inland south to southwest (Fig. 1), across the
mountain ranges, with climate varying from very humid to arid, and featuring primarily
metamorphic and some sedimentary rocks. These aquifers drain relatively fast.

Group II (Angel R. Cabadas) has intermediate time of storage (46 d). This subbasin is
located in the coastal northeast, with a humid climate and basaltic rocks.

Group IIT (Achotal, Azueta, Bellaco, and Cuatotolapan) has long time of storage (51 to
69 d). These subbasins are located in the eastern plains, with humid climate and primarily
sedimentary and some metamorphic rocks.

Group IV (Xiquila) has very long time of storage (116 d). This subbasin is located
inland to the southwest, draining the Sierra Madre, with an arid climate and primarily
sedimentary and some volcanic rocks.

The group I aquifers, where schist predominates, are unable to sustain baseflow for long
periods. Conversely, the group IV aquifer, where limestone predominates, is able to sustain

baseflow for very long periods.

5. Field verification
Table 5 shows geographic and hydrogeologic data for seven wells located within the
Papaloapan river basin. The values of hydraulic diffusivity (Column 7), although restricted

to the north-central portion of the basin, are seen to compare favorably with those of Table



2, Column 8. Lack of additional data in other parts of the basin precluded a more thorough

comparison.

6. Summary

We have used Rorabaugh’s model to estimate regional aquifer parameters in the Pa-
paloapan river basin, in southern Mexico. Time of storage, basin constant, and hydraulic
diffusivity are calculated. The results show reasonably good agreement with local geol-
ogy, as assessed with geologic maps and pumping tests, underscoring the promise of this

approach to estimate regional aquifer parameters using baseflow recession data.
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Figure captions
Fig. 1 Geographical location of the Papaloapan river basin.

Fig. 2 1972 streamflow hydrograph for Rio Tesechoacan at Azueta station.



