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Abstract

The hydrology of the West Fork of Walker Branch Watershed, a
38.4 ha forested experimental watershed located on the Oak Ridge
Reservation in the Valley and Ridge Province of eastern Tennessee, has
been studied using oxygen and hydrogen isotopes, and silica as tracers of
stream water source. To assist in characterization of water recharging the
watershed, the local meteoric water line was determined to be equivalent
to the global meteoric water line. The global meteoric water line describes
local precipitation and potential groundwater recharge on the Oak Ridge
Reservation and surrounding region.

Within the watershed, several possible storm flow components have
previously been identified including groundwater within the bedrock and at
the soil/bedrock interface, saturated soil water occurring at shallow depths
(storm flow zone), and precipitation. A December 15 - 19, 1992 storm
event was examined to determine sources of stream flow. Two
component (“new” water and “old” water) and three component
(precipitation, soil water, and groundwater) end-member mixing models
using oxygen isotopes and silica as tracers have been applied. The two
end-member separations yielded a “new” water (event precipitation)
contribution of 1 - 16% of total stream storm flow at the base of the
watershed, and 3 - 19% of total stream flow at one ephemeral stream site.

The three component model applied to stream flow at the base of the



watershed indicates that “new” water contributed 1 - 5%, soil water 48 -

52%, and groundwater 45 - 52% of the total stream storm flow. “New”
water was determined to contribute 2 - 10%, soil water 40 - 96%, and
groundwater 15 - 50% of stream storm flow at the ephemeral stream site.
Old soil water and groundwater dominated storm flow at both stream sites.
The significant contribution of soil water to storm flow at both stream sites
and flow through a subsurface weir support previous suggestions of the
importance of a shallow storm flow zone developing within the upper 2 m
of the soil column during a storm event. The large role of groundwater in
storm stream flow indicates a rapid deeper subsurface flowpath through

the soil column.
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I. Introduction

The response of a watershed to precipitation events has been the
focus of many investigations of stream hydrology, water resource
management, and contaminant migration. This study details the response
of the West Fork of Walker Branch, a well-studied 38.4 ha watershed
within the Oak Ridge Reservation, eastern Tennessee, to precipitation
events ("storms"). ldentification of the dominant sources of storm flow,
their relative importance in producing stream flow, and timing of
appearance are critical in deciphering catchment hydrology. Hydrologic
budgets for all of Walker Branch Watershed have indicated that stream
flow is approximately 52% of annual precipitation, with storm flow
accounting for about 23% of the annual stream flow (Luxmoore and Huff,
1989).

The objectives of this study were to assess the various contributions
to storm flow and identify the methods and timing of groundwater recharge
and discharge in this watershed. This was accomplished by: 1) hydrologic,
chemical and isotopic monitoring of all the components of the hydrologic
cycle, and 2) determining the hydrologic end-members and their relative
proportions in storm flow using stable isotope and chemical tracers. To
assist in determining sources and timing of aquifer recharge, a local
meteoric water line was established. Seasonal variations in groundwater

recharge and discharge were identified.




Defining the hydrologic response of the Walker Branch Watershed to
precipitation events enables a better understanding of the mechanisms of
the subsurface recharge and flow and solute migration. The Walker Branch
Watershed is underlain by carbonate rocks of the Knox Group, a major
aquifer for much of eastern Tennessee in the Valley and Ridge Province.
Understanding the recharge to this aquifer and its role in producing surface
storm flow would be helpful in assessing the pathways and rates of
contaminant migration in the Knox Group residuum. The fate of
groundwater contaminants from shallow organic and inorganic waste burial
sites in the vadose zone has been the focus of several ongoing projects on
the Oak Ridge Reservation. The results of this study are also relevant to
other watersheds in the Valley and Ridge, and Piedmont Provinces, which

share similar low-permeability, fracture-dominated geologic media.



Il. Controls on Storm Flow Components

Stable oxygen and hydrogen isotopes and solutes (i.e. Si) have been
used extensively as conservative tracers to determine the proportions of
storm flow components (i.e. vadose waters, groundwater, and
precipitation). The individual contributions of these components to storm
flow can be estimated using mixing models previously developed to explain
the response of various watersheds to precipitation events (McKeague and
Cline, 1963; Kennedy, 1971; Sklash and Farvolden, 1979; Bottomley et
al., 1986; Hooper and Shoemaker, 1986; Kennedy et al., 1986; Pearce et
al., 1986; Sklash et al., 1986; DeWalle et al., 1988; Ingraham et al.,
1991; Space et al., 1991; Stewart and McDonnell, 1991). The end-
member proportions contributing to surface flow during storms depend on
numerous factors, including pre-storm soil moisture conditions, watershed
relief, stream channel width, and depth to soil/rock interface (Kennedy et
al., 1986). For a particular watershed, all elements of the hydrologic cycle
must be considered to determine their relative contribution to storm surface
and subsurface flow. The following section addresses each of the possible
storm flow components, and the effects evaporation has on their isotopic

signatures.



Evaporation effects on precipitation, soil and surface waters

The isotopic composition of rainfall may vary seasonally because of
evaporation followed by fractionation. Increased evaporation may cause
isotopic enrichment of summer precipitation compared to winter
precipitation (Nativ and Riggio, 1990; Ingraham et al., 1991). Previous
studies (Pearce and Rowe, 1981; Stewart and McDonnell, 79971 Pearce et
al., 1986) have indicated that evaporation of precipitation on a watershed
canopy may occur at rates of 0.1-0.5 mm/hr, resulting in '®0 and ?H
enrichment of the throughfall. Gat and Tzar (1967) determined that the
enrichment of '80 in throughfall caused by evaporation of rainfall on the
forest canopy does not exceed 0.5%.. More recently, Kendall and
McDonnell (1993) studied the oxygen and hydrogen isotope compositions
of throughfall and rainfall for 30 storm events in Georgia. For an average
interception loss of 15%, the volume-weighted average throughfall
signature was enriched by 0.5%. in %0 and 3%. in deuterium relative to
open rainfall. Additionally, they found a 0.1%. average enrichment in '®0 of
throughfall at conifer sites relative to deciduous sites. Other studies have
shown these and other such variations are insignificant compared to the
analytical precision of isotope measurement (Pearce and others, 1986). I[f
their is a significant difference between the isotopic signatures of rainfall

and throughfall for a given area, then throughfall, the portion of



precipitation that reaches the ground surface should be sampled to

represent precipitation recharging the groundwater system (DeWalle et al.,
1988). Kendall and McDonnell (1993) suggested using either one open
rainfall collector that can later be corrected for canopy evaporation, or
using several throughfall collectors, one placed under each tree type
present in the forested watershed.

Evaporation of stream water and soil water may also occur prior to
or during a precipitation event. This would cause isotopic enrichment of
the remaining ("old") waters, and affect the isotopic signature of water
contributed to storm flow. Zimmermann and others (1967), determined
that plant transpiration resulted in no detectable isotopic enrichment of soil

water.

Precipitation

Precipitation constitutes "new" water added to existing water in the
watershed. Because silica usually occurs in only trace amounts in
precipitation (Likens et al., 1977; Mulholland et al., 1990; Hirata and
Muraoka, 1993; Shimada et al., 1993), the "new" water storm flow
component can be easily identified using silica as a tracer. The silica

concentration of "new" water may change when the water is introduced to




soil, where additional dissolved silica may be added (Kennedy et al., 1986;
Hinton et al., 1994).

Oxygen and hydrogen isotope ratios of precipitation are affected by
several variables, such as elevation, moisture source, distance traveled,
altitude of travel, and topography, which are all temperature related
(Dansgaard, 1964). In addition, the isotopic composition of precipitation
may vary during an event (Sklash and Farvolden, 1979; Kennedy et al.,
1986). Comparison of the isotopic ratios ('®0/'®0 or 2H/'H) of local
precipitation to the world meteoric water line (Craig, 1961a) may reveal the
relative isotopic enrichment or depletion of the local precipitation. This
approach has been useful in determining the timing, methods, and locations
of groundwater recharge (Nativ and Smith, 1987; Dutton and Sympkins,
1989).

The proportion of precipitation contributing to storm flow varies due
to precipitation amount and intensity, watershed dimensions, pre-storm soil
moisture, depth to soil/rock interface and climate (Sklash and Farvolden,
1979; Pearce et al., 1986; Sklash et al., 1986; DeWalle et al., 1288;
Ingraham et al., 1991). Sklash and Farvolden (1979) generalized that a
relatively dry drainage basin receiving intense precipitation would result in
storm flow dominated by precipitation (new water). A precipitation event

with moderate intensity in a relatively wet, humid basin would resuit in



groundwater ("old" water) dominated storm flow. These responses may
depend on the development of groundwater "ridging” (Ragan, 1968),

which will be further explained within the Groundwater section.

Surface water

Surface water, or storm runoff, has been examined in many studies
to determine if storm flow is dominated by "new" water derived from that
event’s precipitation or "old" groundwater and/or vadose zone water.
There are several possible sources of storm runoff: 1) direct channel
precipitation {Hewlett, 1982); 2) overland or Hortonian flow of precipitation
that fails to infiltrate the soil (Horton, 1933); 3) subsurface storm flow,
defined as water following subsurface flowpaths that arrives at the stream
channel fast enough to become a part of the storm hydrograph (Hewlett
and Hibbert, 1963; Whipkey, 1965; Mosley, 1979); and 4) groundwater
(Fritz et al., 1976, Sklash et al., 1976). Overland flow may occur near the
stream channels when raised water table levels reach the land surface or
expansion of the stream channel during a storm event (Hewlett and

Hibbert, 1967; Freeze, 1974).



Vadose water

Vadose water may contribute significantly to storm flow as parts of
the vadose zone become temporarily saturated. Suggested mechanisms
responsible for the appearance of vadose water in storm flow include:

1) overland flow caused rises in the water table (Sklash et al., 1979);

2) macropore flow in which a portion of the soil water bypasses the bulk
soil matrix (Pearce et al., 1986; Hooper et al., 1990; McDonnell, 1990;
Wilson et al., 1991a, b); 3) piston or saturated matrix flow whereby "old"
water is displaced by "new" water (Zimmermann et al., 1966; Kennedy et
al., 1986; DeWalle et al., 1988; Hooper et al., 1990); and 4) transient
perched water tables (Wilson et al., 1991a).

The isotopic and/or chemical compositions of water in the
unsaturated zone and groundwater were assumed to be relatively similar in
previous studies (Sklash and Farvolden, 1979; Pearce et al., 1986; Sklash
et al., 1986; Bottomley et al., 1986). Later studies (Kennedy et al., 1986;
DeWalle et al., 1988; Shimada et al., 1993) indicated that these waters
may have different chemical and isotopic signatures and therefore should
not be lumped together. For example, DeWalle and others (1988) found
that vadose zone water contributed 24.1% of storm flow whereas 75%
was contributed by groundwater.

Parent geology and soil chemistry determines the silica concentration



of soil waters (Hirata and Muraoka, 1993). Soil water silica concentrations
may vary temporally and spatially (both vertically and laterally) with
changing geology and soil type. The silica concentration of soil waters
along a flowpath continuously evolves as soil chemistry changes (Shimada
et al., 1993; Hirata and Muraoka, 1993). The resulting silica concentration
of groundwater recharged by vadose water is thus dependent on the
evolution of silica along the flowpath. However, in general, the silica
concentration of groundwater is greater then that of soil water, unless

large evaporative concentration occurs.

Groundwater

Groundwater is generally considered "old water” and, in varying
proportions, contributes to storm flow (Sklash and Farvolden, 1979; Pearce
et al., 1986; DeWalle et al., 1988). Mechanisms which cause an increase
in groundwater contribution include: 1) infiltrating precipitation displacing
groundwater within pores of the saturated soil matrix (Freeze, 1974), and
2) infiltrating waters causing rises in water tables and thus an increase in
hydraulic head. Groundwater levels may rise during a storm event,
particularly near a stream (Sklash and Farvolden, 1979). Sklash and
Farvolden (1979) determined that a moderately intense rain storm in a very

wet basin would result in groundwater-dominated storm flow due to the



increase in hydraulic head in the vicinity of the stream channel ("ridging”).

Groundwater ridging is believed to develop as a result of the rapid
conversion of near-surface tension-saturated capillary fringe into phreatic
water soon after a precipitation event begins. Expansion of the stream
channel as a result of groundwater ridging creates a larger groundwater
discharge area, thereby increasing the amount of groundwater capable of

becoming a part of the storm flow

10




lll. The Study Area

Location and topography

The study was conducted in the West Fork of the Walker Branch
Watershed, a 38.4 ha forested watershed located on the Oak Ridge
Reservation in the Valley and Ridge Province of eastern Tennessee (Fig. 1).
The topography of Walker Branch Watershed is characterized by broad
ridges with moderate slopes and narrow stream valleys (Fig. 2), typical of
the Knox Group in the Valley and Ridge Province. Total relief within the
watershed is approximately 80 m, with the highest point occurring along

the northern ridge crest.

Climate and vegetation

The mean annual temperature is 14.5 °C and the mean annual
precipitation is approximately 1400 mm, with significantly greater
precipitation occurring during the winter and summer months than spring
and fall (Luxmoore and Huff, 1989). Vegetative cover consists primarily of
oak and hickory with lesser amounts of pine on the ridges and tulip poplar
and beech near the stream (Luxmoore and Huff, 1989; Genereux et al.,
1992). Evapotranspiration has been estimated at 730 mm/yr based on

differences in precipitation and runoff for several watersheds on the Oak

11



Figure 1. Geologic map of the Oak Ridge Reservation (after Hatcher et al.,
1992), showing the general locations of the reservation and the Walker

Branch Watershed.

12



s)o0Yy 196unoA 3
9jeys 3jjiaspasy

13

0___>xocv_o \EEO

dnoun ebneweyoiyy dnoup xouy  dnoup ebneseuosy uopnewioq awoy

[ ] g ]

linej AgjjeA JaAeag

[ unej 3ee1d

Aoteavoyey  \\OPIH MeH

abpiy suld

A

20 194003 oy

3l|eA |ayleg oL—X

Zi-A ) Aellepdeeiniseg [ une ujeunom weosnum

A A

ou abpiy ji04 Jse3

ojl

Aajjep 304 iseg 9Bpiy Asuupiow

1jnej uoisbury
—
 — oBp|y Aoxo|a

AslieA V__v&m._.!nom -




Figure 2. The West Fork of Walker Branch Watershed. Geologic units
labeled represent the following: Ccr = Cambrian Copper Ridge Dolomite;
Oc = Ordovician Chepultepec Dolomite; Olv = Ordovician Longview
Dolomite; Ok = Ordovician Kingsport Formation. Geology by Hatcher and

others, 1992.
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Ridge Reservation (McMaster, 1967; TVA, 1972, Luxmoore and Huff,

1989).

Stratigraphy

The bedrock of the Walker Branch Watershed consist of a sequence
of Upper Cambrian and Lower Ordovician siliceous dolomite and limestone
comprising the Knox Group. The Knox Group is approximately 610 m thick
in the watershed, and consists of the Copper Ridge Dolomite, Chepultepec
Dolomite, Longview Dolomite, and Kingsport Formation. The Copper Ridge
is a massive dolomite of many textures with chert beds 20 - 70 cm thick
as well as nodular and porous secondary chert. Within the upper portion, it
is a medium- to light-gray, fine-grained, and medium- to thick-bedded
dolomite (Hatcher et al., 1992). The Copper Ridge is therefore a ridge
former that contains the headwaters of higher order streams. Its
uppermost boundary is marked by a well-cemented sandy dolomite (1 -5 m
thick) in the basal Chepultepec Dolomite. The overlying Chepultepec is a
light-gray, fine-grained, medium-bedded dolomite with a lesser amount of
chert present (Hatcher et al., 1992) so it forms valleys containing higher
order streams. The Longview Dolomite is the thinnest of the Knox Group
units. Its higher chert content causes it to be more resistant to weathering

(Lietzke et al., 1989; Lietzke, 1990). It is a medium- to light-gray, thin- to

16




medium-bedded siliceous dolomite (Hatcher et al., 1992). The base of the
Longview Dolomite lies on tan to white oolitic chert beds of the
Chepultepec Dolomite (Hatcher et al., 1992). The overlying Kingsport
Formation is a medium- to light-gray, fine- to medium-grained dolomite with
nodular and bedded chert and sandstone present near the base (Hatcher et
al., 1992). Limestone is an important constituent of the Kingsport

Formation, particularly in the lower third of the unit.

Structural geology

The Knox Group is a competent unit that produces the ramp zones
of the low-angle imbricate thrust sheets throughout the Valley and Ridge
and Cumberland Plateau Provinces (Hatcher et al., 1992). The Knox Group
comprises Chestnut Ridge, a NE-SW trending ridge sub-parallel to the NE-
SW ridges of the southern Appalachians. The strike of the Knox Group
units within the watershed follows the axis of Chestnut Ridge,
approximately N55°E. The units dip SE35°. The Knox Group at this locality
was emplaced along the White Oak Mountain fault (Fig. 1).

Bedrock fracture orientations are perpendicular and parallel to strike
(Crider, 1981). Ground water flow within bedrock fractures is responsible
for contributing ground water from outside the surface watershed

boundaries (Crider, 1981). The rate of flow into the West Fork of Walker
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Branch Watershed across its topographic boundaries is estimated at 1.5 X

10° m3/yr, or about 30% of total annual flow (Genereux et al., 1992).

Soil and saprolite

The weathered zone overlying bedrock within the Walker Branch
Watershed varies in depth from about 1 m near the stream to about 30 m
at the basin divide (Mulholland et al., 1990). The hydraulic conductivity of
surface soils is very high due to abundant macropores, ranging from 0.04
to >0.39 mm/s (Wilson and Luxmoore, 1988), and decreases with depth
due to increasing clay content (Wilson et al., 1989).

The soils, 1 - 3 m thick, are dominantly ultisols with a lesser amount
of alfisols occurring on the eastern side of the stream, along the lower
150 m (Genereux et al., 1992). Clay minerals present include kaolinite,
vermiculite and mica (10 - 40% and 5 - 20% of the clay fraction,
respectively) (Lietzke, 1990). A thick layer of saprolite underlies the soils
on the western and northern ridgetops, where it reaches thicknesses of up
to 30 m. It consists of kaolinite (30 - 55%), mica (10 - 25%), vermiculite
(5 - 20%), and iron oxide (2 - 8%)(Lee et al., 1984). Where chert beds
have been weathered, fragments remain, as do dolomite and limestone
fragments. The clay content of the saprolite causes it to behave as a

temporary barrier to infiltration during precipitation events and a perched
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saturated zone develops at the saprolite/soil interface (Wilson et al., 1990).

Hydrology
The West Fork of Walker Branch Watershed is drained by several

ephemeral streams (WBT360, WBT440) in its upper portions (Fig. 2). Flow
in these channels is activated only by large storm events an‘d _psuglly
persists for only a few days (Mulholland et al., 1990). In the middle of the
watershed there are two perennial springs (S4 and S5) which form the
headwaters of the perennial stream and are joined by two other springs (S3
and S3a) further downstream to drain the entire watershed.

Both conductivity and transmissivity have been separately measured
in the soil column (0 - 3 m depth) and underlying saprolite (3 - 30 m
depth). The maximum potential transmissivity of the soil column under
saturated conditions ranges from 6 x 10° to 1.5 x 10* m?/s (Genereux et
al., 1992). The A (0.5 m thick) and B horizons (1 m thick) have hydraulic
conductivities of 10* m/s (Peters et al., 1970) and 10°® to 10™* m/s
(Luxmoore et al., 1981), respectively. Ketelle and Huff (1984) measured
the hydraulic conductivity and transmissivity within the saprolite along
Chestnut Ridge 6 km southwest of Walker Branch Watershed. The
25-3m,6-12m, and 21 - 30 m depth intervals yielded maximum
potential transmissivities much lower than the overlying soils, and

conductivity values of 6.1 x 10® m/s (21 field measurements),
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2.0 x 10® m/s (19 field measurements), and 6.3 x 10" m/s (8 lab
measurements), respectively. The difference in the scale between field and
laboratory measurements may account for some of the documented
reduction in hydraulic conductivity with depth.

An ephemeral perched saturated zone develops near the soil -
saprolite interface (~ 1.2 m depth) during large storm events because of the
large differences in hydraulic conductivity (Wilson et al., 1990). This
perched water table occurs primarily near the ridge crests and was
identified by transient flow in a subsurface weir, differences in groundwater
levels in shallow and deep wells, and its surface expression in ephemeral
streams (Luxmoore et al., 1990; Wilson et al., 1990; Mulholland et al.,
1990; Mulholland, 1993). As infiltration of precipitation continues during
an event, the perched zone saturates upwards towards the surface
(Luxmoore et al., 1990). Wilson and others (1990) determined that there
is little tendency for perched water table development to occur at the
midslope region as opposed to the ridge crest. Macropores (root channels,
worm borrows, fractures, etc), act as conduits for water flow from the
perched saturated zones, quickly transporting water downslope.

In earlier studies (Mulholland et al., 1990; Mulholland, 1993), it was
determined that perched saturation within the soil column accounts for up

to 60% of storm runoff at an upstream location, and 53% of storm runoff
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at the base of the Walker Branch Watershed. One possible explanation for

the smaller contribution of perched water downstream is that near surface
bedrock in the lower portions of the watershed results in a greater
contribution of groundwater. At upstream sites, where bedrock is
substantially deeper, the perennial water table generally remains below the
stream and groundwater contributes much less to stream flow. However,
Mulholland and others (1990) have also attributed some of this difference
to the increasing role of a deeper preferred flowpath through the soil
column at the lower watershed sites.

The perched water table that develops near the ridge crest and
subsurface flow through macropores within the surface 1 - 2 m of soil are
collectively referred to as the shallow storm flow zone within the Oak
Ridge Reservation (Wilson et al., 1990; Solomon et al., 1992). This zone
transmits up to 90% of the active subsurface flow in catchments on the
Oak Ridge Reservation (Solomon et al., 1992). Results of studies within
0.47 ha of the Walker Branch Watershed indicate that subsurface flow
occurs primarily through mesopores and macropores within the storm flow
zone, bypassing the soil matrix (Luxmoore et al., 1990; Wilson et al.,
1991a; 1991b). It is believed that some water is lost to deeper soil
horizons through macro- and meso-pores, initiating an additional deeper

flowpath (Mulholland et al., 1990; Wilson et al., 1991a). Flow through the
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deeper flowpath is believed to continue after precipitation infiltration ceases
and the perched water table disappears(Wilson et al., 1991a).

Wilson and others {(1991b) examined subsurface solute transport
processes occurring as a result of storm events within a 0.47 ha upper
slope subcatchment of the Walker Branch Watershed. Silica
concentrations decrease with increasing subsurface flow, and then increase
after the event. During the event, the silica concentration within small
pores of the soil matrix is the same as that of subsurface flow. This is
attributed to the capacity of smaller meso- and micro- pores to provide a

semi-infinite source of solutes to larger pores through which flow occurs.
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IV. Field and Analytical Methods

Sampling strategy

Storm event responses must be compared to antecedent watershed
conditions to accurately evaluate storm flow components. The isotopic
composition and chemical concentration of each component may vary prior
to and/or during an event. The isotopic composition of precipitation may
vary during an event (Kennedy et al., 1986); therefore, precipitation
samples should be taken sequentially throughout the event. Surface and
soil water isotopic ratios may vary temporally due to evaporation. Water
solute concentrations may become more or less concentrated depending on
the rate of dissolution with changing water supply. For these reasons,
pre-storm surface and subsurface waters should be sampled frequently for
isotopic (Kennedy et al., 1986) and solute analyses.

Groundwater isotopic ratios and solute concentrations may or may
not be directly affected evaporation. Since throughfall, surface, and soil
waters are believed to recharge groundwater, the isotopic composition and
water chemistry of groundwater may reflect changes in these source
waters. The antecedent hydrologic and isotopic conditions of the vadose
zone, saturated zone, and surface water were established from routine
sampling over a one-year period. In addition, pre-storm measurements

were used as a reference to evaluate changes in storm event waters.
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Sampling techniques

Sampling of the storm flow components to determine the antecedent
watershed conditions consisted of the following. Bulk throughfall samples
were collected within 24 hours after most rain events during one year.
Stream runoff was monitored and sampled every week at sites WBO and
WB60, respectively (Fig. 2). Soil samples were obtained in December,
1991, at several depths from a 30 m deep borehole (W7; Fig. 2), which
penetrated the entire vadose zone to the water table. Soil moisture was
measured and oxygen isotope ratios were analyzed for these samples.
Pre-storm soil samples were also obtained from the A and B soil horizons,
distinguished visually, from five locations near the 30 m deep bore hole
(Surface Soils 1 - 5; Fig. 2). Groundwater levels and samples from two
deep wells (Wb, W6) and one shallow well (PS8) were taken on a monthly
basis, and two major springs (S3, S4) were sampled weekly (Fig. 2). Pre-
storm and storm bulk throughfall samples (49) were analyzed for O and H
isotopic compositions. Surface water (12), soil water (12), and
groundwater (24) samples were analyzed for O isotopes, and silica
concentration (Appendix A, B, and C, respectively).

One storm event {(December 15 - 19) was intensively monitored and
sampled. Storm sampling and monitoring consisted of: 1) continuous

sampling and monitoring of throughfall for intensity and total volume;
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2) automatic sampling and flow monitoring at one perennial and one
ephemeral stream site (WB60, WBT440; Fig. 2); 3) automatic sampling at
one perennial and one ephemeral stream site (WB300, WBTSGO); 4)
automatic sampling of shallow lateral vadose zone flow using a subsurface
weir (SUBWEIR; Fig.2); and 5) pre- and post-event sampling of soil horizons
at five locations near W7. Additionally, three groundwater wells (PS8, W5,
W6) were sampled prior to and after the event, and four groundwater
springs (S3, S3a, S4, S5) were sampled manually each day during the
event. All samples (5 throughfall, 34 surface water, 18 soil water, and 23

groundwater) were collected for isotopic and chemical analyses.

Instrumentation

The West Fork of Walker Branch Watershed has been instrumented
with a multitude of monitoring and sampling equipment (Fig. 2).
Cumulative event precipitation was monitored at two sites on the ridgetop
using a weighing recorder. A bulk throughfall collector, consisting of a
bucket and funnel, was located near the stream at the base of the
watershed (rain sampler; Fig. 2). A sequential throughfall sampler was
installed adjacent to the bulk throughfall collector for storm events. The
sequential sampler consisted of 9 sequentially-filling plastic bags connected

with plastic tubing (after Adar et al., 1991). The nine bags were calibrated
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to contain all of the precipitation associated with a large storm event
(7.62 cm). When the first bag filled to a calibrated weight/volume, a knife
blade was engaged to seal the tubing to that bag and force precipitation to
flow into the following bag.

Stream runoff was monitored at the base of the watershed with a
120° V-notch weir (site WBO; Fig. 2). Stage height was measured and
recorded at 5 min intervals using a Fisher and Porter model 1542
punched-tape water level recorder. A Manning Technologies model 6000
automatic sampler was used to collect storm related runoff 60 m upstream
from the weir to avoid potential effects due to ponded water at the weir.
Previous studies indicate that runoff at both WBO and WB60 has similar
chemical composition (Mulholland et al., 1990), therefore site WB60 was
accepted as being representative of total stream flow at site WBO. Stage
height at the ephemeral stream site WBT440 (Fig. 2) was measured at 30
min intervals at a Parshall flume with a Druck Model 900 pressure
transducer and recorded by a Campbell Scientific data logger. Additional
flumes located at one perennial and one ephemeral stream sites (WB300
and WBT360, respectively; Fig. 2) were used to manually measure stage
height for flow computation. 1ISCO (Model 2700) battery-powered

automatic samplers were used to collect hourly storm runoff at WB300 and
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at the two ephemeral tributary stream sites WBT360, and WBT440 (Fig.
2).

A subsurface weir (SUBWEIR; Fig. 2) monitors subsurface storm
flow within the upper 2.5 m (8.2 ft) of the vadose zone within a 0.5 ha
subcatchment of the Walker Branch Watershed (Luxmoore and Abner,
1987; Wilson et al., 1990). The weir is 13 m long and consists of six
pans: three pans collecting drainage within the upper 1 m consisting of the
A, E, and Bt1 soil horizons; and three pans collecting drainage from 1 to
2.5 m depth within the Bt2 soil horizon. Drainage from the upper and lower
pans is diverted through separate H flumes. The lower flume was equipped
with a battery-powered, ISCO Model 2700 automatic sampler collecting at
one hour intervals.

Groundwater monitoring and sampling was performed at three wells
and four springs. One of the wells is shallow (< 1.5 m depth) and located
next to the perennial stream (PS8; Fig. 2). Two deeper (20 - 30 m) welis
(W5 and W6, Fig. 2) are located near an ephemeral stream channel and |
near the ridge crest, respectively. Additionally, grab samples were
obtained from the borehole (W7) after it was cased (total depth =
28.3 m). All groundwater measurements and sampling were performed
manually. With the exception of W7, several well volumes were purged

from all the wells before sampling. Stage was measured in flumes at the
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four springs (S3, S3a, S4, S5) to measure instantaneous flow rates.

Soil moisture, chemical and isotopic analyses

Soil moisture content was obtained gravimetrically by oven drying
the samples, according to the methods described by Gardner (1965). Soil
moisture was extracted by centrifuge in the Environmental Sciences
Division at Oak Ridge National Laboratory for Si analyses. Samples were
placed in a 1 L bucket which had a perforated bottom, allowing soil
moisture to escape to an empty bucket below during centrifugation. Soil
water was extracted for isotopic analysis by azeotropic distillation using
toluene (Revesz and Woods, 1990).

Solute analyses (20 elements) were performed by inductively
coupled plasma emission spectroscopy at the University of Georgia
Chemical Analysis Laboratory, Athens, Georgia. The precision of these
analyses is +0.01%. The sampling error for these analyses was 0.01
ppm. Vacuum extraction of gases for measurement of D/H and '®0/'°0
ratios were conducted in the Department of Geology at the University of
Tennessee. Hydrogen gas was obtained by combustion of water samples
with Indiana zinc at 500 °C for 30 minutes (Vennemman and O’Neal,
1993). Oxygen isotopic ratios in water samples were obtained using the

CO, equilibration method of Epstein and Mayeda (1953). Isotopic ratios

28



were measured on a fully automated, triple collector, VG903 gas ratio
mass spectrometer and are reported in standard é-permil notation relative
to Standard Mean Ocean Water (SMOW; Craig, 1961b). The precision of
these analyses is +=0.5%o for oxygen and +2%. for hydrogen. Selected

D/H gas samples were run on the VG903 mass spectrometer at the

Chemical and Analytical Sciences Division, Oak Ridge National Laboratory.
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V. Results

Annual conditions
Throughfall

Bulk throughfall samples were collected within 24 hours after each
rain event beginning in February 1992 and continuing through May 1993.
Analytical results are listed in Appendixes A and B and shown in figure 3.
Forty nine throughfall events were collected for oxygen and hydrogen
isotope compositions, oniy forty three were analyzed for deuterium. The
samples chosen for deuterium analyses were chosen to represent the range
of corresponding oxygen isotope compositions. The average 6D and 6'20
signatures of water recharging the Walker Branch Watershed are -33%o
(-94%o0 to 7%0; standard deviation, SD = 22%o) and -5.7% (-12.3%0 to
-2.2%0; SD = 2.4%), respectively. Winter precipitation occurring during
the months of October through March recharges groundwater with average
6D and 6’80 of -47%0 (n = 21) and -7.0% (n = 23), respectively. Summer
precipitation has an average signature of D = -20%. (n = 22), 6'®0 =
-4.2%0 (n = 26). Differences in winter and summer signatures reflect their
different source areas and related temperature effects. Winter arctic air
masses are more depleted in deuterium and 0 than air masses from the
Gulf of Mexico during the summer months. During the transition from one

season to another, a storm of one source may be followed by precipitation
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originating from the other source area, and vice versa. Thus, some winter
precipitation events are more enriched than others; some summer events
are more depleted (Fig. 3).

A local meteoric water line has been established (6D = 9.086'°0
+ 17.5; Fig 3) from the 43 throughfall samples collected over 16 months
(February 1992 through May 1993). The sampling period was extended
beyond the planned 12 months to compensate for the relatively dry winter
months of 1991. Sampling over 16 months allowed for a more equal
representation of winter and summer throughfall and prevented favoring of
one season when delineating the local meteoric water line. The difference
between this line and one derived from samples collected over one year (6D
= 9.26; 6'®0 + 19.1) is insignificant. Because of the similarity between
the local and global meteoric water lines, the global line should be used to

describe local precipitation and groundwater recharge.

Surface water

Discharge was computed from stage height measured at stream site
WBO once a week for over two years (Fig. 4). These weekly
measurements provide a clear indication of the seasonality of discharge
within the watershed. Discharge from the watershed is greater during the

winter months, and lower during the summer months. Storm events,
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Figure 3. A local meteoric water line describing throughfall that fell
between February 1992 and May 1993 on the Oak Ridge Reservation is
compared to the global meteoric line. Winter and summer throughfall
samples are highlighted. River sampies collected during the years 1984 -
1987 by the U. S. Geological Survey (Kendall, unpublished data) are

compared to local throughfall samples.
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Figure 4. Stream discharge measured once a week at the base of the West
Fork of the Walker Branch Watershed, from January 1992 through
December 1993. The storm which is the focus of this report is not
represented on the plot due to the sampling interval. Discharge measured
for any given day represents the discharge at stream site WBO when a
stream sample was collected from site WB60 for oxygen isotope ratio

analyses.
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marked by sudden increases in discharge, are more prevalent during the
winter and early months. Although there are many storm events during the
summer months, canopy interception and low soil moisture content due to
high rates of evapotranspiration prevent large increases in stream discharge
at this time.

Instantaneous stream samples collected once a month at site WB60
were analyzed for their oxygen isotope composition. The oxygen isotopic
signature of stream water varied little over a one-year period (6'80 =
-5.9%0 to -6.1%0). The average oxygen isotope composition was -6.0%o,
and all of the variability seen in Figure 5 {(maximum difference of 0.14%o) is
within the analytical error of the analysis (£ 0.5%o).

Two Tennessee rivers, the French Broad River near Knoxville and the
Tennessee River at Watts Bar Dam (tailwater) were sampied by the U.S.
Geological Survey every three months beginning October 1984 through
July 1985 (Kendall, unpublished data). The Clinch River at Melton Hill Dam
(tailwater) was sampled every two months beginning October, 1984,
through August, 1987. The oxygen and hydrogen isotopic compositions of
the river water are illustrated on Figure 3. The samples fall around the
global meteoric water line, with some samples falling just above the line
with decreasing 6'®0. The isotopic composition of the surface water

samples falls within the scatter of winter precipitation samples (Fig. 3).
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Figure 5. Oxygen isotope composition of stream water sampled monthly

from stream site WB60.
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Vadose water

During augering and coring of the 30 m deep borehole in December,
1991, several potential flow zones (saturated zones) were observed by the
drilling team and recorded by D. Lietzke (unpublished data). The first
potential flow zone was noticed within 1.52 - 2.13 m depth, consisting of
perched water above a chert bed (A; Fig. 6a). A second perched flow zone
was found within 5.18 - 5.79 m depth (B; Fig. 6a). It was approximately
15 cm thick, occurring above a 0.95 cm saturated chert zone and fine-
grained red and yellow saturated sandstone. The third flow zone (C) was
intersected during augering from 7.32 - 8.23 m depth. Within the section
cored below this depth (8.23 - 8.84 m), there were three flow zones (D)
associated with 1.27 cm chert zones separated by massive red clay
saprolite. The upper two flow zones contain white deoxidized clay, the
lower zone contains black Mn oxides. While augering from 8.84 m to
10.67 m, a major flow zone was intercepted (E; Fig. 6a). While removing
the drill stems to prepare for coring, it was noticed that 4.88 m of the drill
stem was muddy. This would indicate that the corehole filled some
4.88 m above a depth of 10.67 m with water from the intercepted flow
zone. Additional flow zones associated with chert beds were located
within 10.67 - 11.28 m depth (F), and 13.11 - 13.72 m depth (G). By

14.63 m depth, there was no standing water in the hole. An additional
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Figure 6. Borehole (W7) a) saturated zones; b} soil moisture; and c) 6'®0

signature with depth.
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two flow zones were located within 14.63 - 15.24 m depth (H). No other
saturated zones were detected below 15.24 m depth. This borehole (W7)
was completed and cased to 26.7 m and screened from 26.74 m to
28.26 m depth. The depth to the water table in the borehole averages
26.14 m, well below the major flow zone intercepted just above 10.67 m.
It is safe to assume, therefore, that this intercepted zone is a perched flow
zone, not the regional groundwater table. Despite the evidence of several
saturated zones, there is no direct evidence which, if any are major flow
zones (perhaps with the exception of zone E).

The moisture content of the upper two zones of perched water
(within 5.79 m depth) were nearly identical (Fig. 6b). Other soils sampled
within this depth had similar moisture content, although one soil associated
with two chromo flow zones had a greater moisture content. (Chromo
describes the degree of graying in soil color indicative of the presence of
flowing water.) Similar to this zone, the moisture content of underlying
core {(5.79 - 7.32 m) was higher due to moist clay and two chromo flow
zones. With the exception of the interval 13.11 - 13.72 m, relatively high
soil moisture content was associated with corresponding flow zones.
Because the moisture within the fragmented chert zones was not easily
collected during sampling, the moisture content of the cores is

predominately a result of the clays associated with the chert zones. Thus,

42



although the core at 13.11 - 13.72 m depth contains chert associated flow
zones, it may have a low moisture content due to the loss of intergranular
chert moisture. No flow zones were logged below 15.24 m depth, and
below 24.39 m depth was not logged by the soil scientist. Based on the
above core, it can be assumed that the relatively high soil moisture content
of samples below 14.63 m depth are associated with either saturated or
water bearing-zones.

Oxygen isotopic signatures varied with depth in the 30 m deep bore
hole (Fig. 6c). Soil water in surface soils within the bore hole are more
depleted than that in underlying soils and saprolite, possibly because of the
winter precipitation that might have affected this zone. The most enriched
soils occurred within 18.29 - 18.90 m depth (6’80 = -3.9%), the most
depleted were at the surface (6'80 = -10.7%o), and at 8.23 - 8.84 m depth
(680 = -10.7%). Surface soils have low values of both soil moisture and
6"80. A direct correlation of moisture content and oxygen isotope
composition exists to a depth of 5.79 m (Fig. 6¢). Between 5.79 m and
18.9 m depth, no correlation exits. The three samples collected at and
below 18.9 m depth indicate a negative correlation between soil moisture
and isotopic composition. This observed negative correlation might be a
result of the larger interval between soil samples at this depth compared to

shallower samples.
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Groundwater

Groundwater levels in four wells (PS8, W5, W6, W7) fluctuated
seasonally between February 1992 and May 1993, the magnitude of
variation being dependent on well depth (Fig. 7), except in W7. The water
level within the shallow well (PS8) located near the perennial stream
exhibited the least seasonal variation (Fig 7; Table 1). Wells W5, W6, and
W7 are located higher in the watershed (Fig. 2). Although W7 is the
deepest of the wells, it fluctuated less than the other deep wells (W5, W6;
Fig. 7; Table 1). Water levels increased in all four wells during the winter
months as a result of precipitation recharging the groundwater system.

The average oxygen isotope compositions of groundwater sampled
from wells PS8, W5 and W6 between February, 1992, and April, 1993,
were essentially equal (Fig 8). Thus, the average oxygen isotope signature
of groundwater within Walker Branch Watershed is -6.0%o. For all the
wells combined, the average summer and winter oxygen isotope signatures
were -5.9%0 and -6.1%o, respectively. Oxygen isotope ratios showed the
most variation in the shallow well (PS8; Table 2) suggesting more rapid
turnover of groundwater at the near stream site. Groundwater samples
from W5 showed no significant variability. Groundwater was sampled from
well W7 in April, July, August, and December 1992, and March of 1993.

These samples were obtained using a bailer. The average oxygen isotope
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Figure 7. Depth to the water table in four groundwater wells (PS8, W5,

W6, and W7).
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Table 1. Average annual, summer and winter depths to the water table in

four groundwater wells.

Average depth to the water table (m)

Well Annual Summer Winter
PS8 0.779 0.949 0.693
W5 3.698 5.139 3.636
W6 8.489 10.754 6.978
w7 26.108 26.374 25.776
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Figure 8. Oxygen isotope signature of groundwater sampled from three

wells (PS8, W5, and W6).
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Table 2. Range and mean annual values of oxygen isotope ratios for

groundwater wells and springs. The most negative (depleted) and positive

(enriched) isotopic ratios were of winter and summer samples, respectively.

6'%0 (%o) Date of the most

Well/Spring Range Mean Depleted Enriched

PS8 -56.5 to -6.5 -6.0 March 1993 April 1992
W5 -5.9 to0 -6.1 -6.0 March 1993 March
1992
W6 -5.8 to -6.5 -6.1 December 1992 March
1992

W7 -5.9 to -6.2 -6.0 December 1992 | April 1993

S3 -6.0 to -6.4 -6.1 December 1992 | July 1992

S4 -5.6 t0 -6.4 -6.0 December 1992 | May 1992
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composition of these samples was -6.0%., with one sample being more
negative (6'%0 = -7.2%.; Appendix A).

Groundwater springs S3 and S4 were sampled monthly. The
average oxygen isotope ratio for these groundwater springs from January
1992 to December 1992 was -6.1%0 (Fig. 9). The average winter and
summer signatures were -6.2%o and -6.0%0 (Table 2). Although these
differences in oxygen isotope composition fall within the analytical error of
isotope analysis, the same seasonal trends were observed in wells (Fig. 8).
For both groundwater wells and springs, winter samples had the most
depleted and summer samples the most enriched stable oxygen isotope
ratios (Table 2). The greater range in isotopic ratios observed at spring S4
than spring S3 (Table 2) is consistent with greater variability in flow rate at
S4 and probably reflects greater variation in the rate and composition of

groundwater recharge to this subsurface pool.

Samples from December 15 - 19, 1992 storm
Storm description

One storm event (December 15 - 19, 1992) was intensively sampled
for oxygen-18 and silica in order to determine sources of stream runoff
generated by relatively large precipitation events in the West Fork of

Walker Branch Watershed. Precipitation began at 11:43 p.m. on December
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Figure 9. Oxygen isotope signature of groundwater sampled from two

groundwater springs (S3 and S4).
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15, and ended by 6:37 am December 16. The amount of rainfall in this
event measured at the ridge crest was 1.48 cm (1.73 cm of throughfall
was measured near the stream channel). In the latter stages of rainfall,
stream flow began to increase at the base of the watershed (at WBO), but
no flow was present in the ephemeral stream sites until approximately
8:00 am on December 17 (Fig. 10). Following an almost 14 hour
intermission, a second storm brought 2.77 cm of rain (2.80 cm measured
throughfall) beginning at 8:54 p.m., December 16, and continuing through
12:24 p.m. on December 17.

Rainfall increments (Fig. 10a) were determined from the precipitation |
weighing-recorder chart. The average rainfall intensities of the two events
were very similar (first event 0.21 cm/hr; second event 0.29 cm/hr}. The
most intense rainfall during the first event occurred between the hours of
1:38 am and 2:21 am on December 16 (Fig. 10a), at a rate of 0.47 cm/hr.
The rainfall intensity lessened only slightly until 4:11 am on December 16,
after which it began to rapidly decline. The maximum rainfall intensity
during the second event wasn’t reached as rapidly as in the first event.
The second event was characterized by a longer period of relatively intense
precipitation, proportional to its greater volume of rainfall. The most
intense portion of the event occurred between 1:28 am and 2:17 am on

December 17, at a rate of 0.82 cm/hr.
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Figure 10. Storm a) rainfall intensity; and b) stream flow measured at one
perennial stream site (WBO) and one ephemeral site (WBT440) on
December 15 - 19, 1992. Discharge was generated from the two storm
events. The first event began at 11:43 p.m. December 15 and continued
to 9:23 am December 16, totaling 1.73 cm. The second event began at
8:54 p.m. December 16 and continued to 12:24 p.m. December 17,
totaling 2.69 cm. Baseflow has been subtracted from the stream

hydrographs.
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Throughfall

The sequential rain sampler split the precipitation from the two storm
events into three portions: the first event was sampled as a whole, and the
second event was captured in two portions. The first split of the second
event represents throughfall collected between 8:54 p.m. on December 16
and ~2:00 am on December 17, totaling 1.70 cm. The second split
represents throughfall which fell from ~2:00 am to 12:24 p.m. on December
17, totaling 1.10 cm.

Bulk throughfall samples from the first rain event had oxygen and
hydrogen isotope signatures of -5.7%0 and -22%., respectively (Table 3;
Appendix A). Throughfall collected in the sequential sampler during this
first event had isotopic compositions (6'80 = -4.6%o, D = -18%0) that
were somewhat less depleted than that from the bulk sampler (Table 3).
The most likely explanation for the difference is the loss of some iate event
water within the tubing of the sequential sampler after the bag filled. The
unsampled later portion of the storm event was most likely isotopically
lighter than earlier event water, causing an apparent enrichment in the
sampled portion relative to the cumulative event water. The silica
concentration within the sequential sample was equal to that of the bulk
sample (1.18 ppm; Table 3). This relatively large silica concentration in

throughfall can be attributed to the placement of quartz wool in the rainfall
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Table 3. Oxygen and hydrogen isotopic composition and silica

concentration of two rainfall events.

Throughfall Sampler Volume §'%0 §D Si
Event cm o) (%9 | (ppm)
1 bulk 1.73 -5.7 -22 1.18
sequential 1.73 -4.6 -18 1.18
2 bulk 2.80 -9.2 -69 | 0.00
sequential 1 1.70 -9.3 -61 0.00
sequential 2 1.10 -10.4 -69 0.00
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sampler to filter litter. Previous research indicates a silica concentration of
0.02 - 0.05 ppm in local throughfall (Mulholland, personal communication;
Wilson et al., 1991b}.

Bulk throughfall collected from the second event (2.80 cm) had
signatures of 6’20 = -9.2%. and 6D = -69%. (Table 3). The two sequential
samples representing the second event, had oxygen and hydrogen isotope
signatures of -9.3%. and -61%. (1.70 cm), and -10.4%. and -69%o
(1.10 cm), respectively {Table 3). There is general agreement between the
bulk and sequential throughfall samples for the second storm event,
indicating that no apparent loss of sample occurred within the tubing of the
sequential sampler. Silica was absent {Si = 0.00 ppm) in these bulk and

sequential samples (Table 3).

Surface water

Discharge at the base of the watershed (WBO) increased with the
initial rain event, and then leveled off before rising again with the second
rain event (Fig. 10b). Discharge increased slightly at 1:05 am, December
16, twenty-two minutes after initiation of the storm event. Although the
stream flow response to the first rain event was not recorded from
2:05 am to 3:40 p.m. on December 16, it likely was very little. As a result

of the second rain event, stream discharge began to increase rapidly at
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about 10:00 p.m. on December 16 and leveled off temporarily at
approximately 5:40 am, December 17. The stream hydrograph reached a
maximum of 48.79 L/s at 11:35 on December 17. After reaching this peak
in surface flow, it leveled off for one and a half hours before gradually
decreasing over the next several days.

Flow at the ephemeral stream sites was not initiated until the second
precipitation event. Stream flow at site WBT360 was indicated by
automatic collection of the first sample at 8:30 am on December 17
(Fig. 10b). Due to the sampling interval at this site, the estimated time of
initial flow would be between the hours of 7:00 and 8:30 am, December
17. Stream flow at site WBT440 was first recorded at ~8:00 am (Fig. 11a).
Samples were actually collected as early as 6:45 am (Fig. 11b, c),
however, these first few sample bottles were partially filled with air,
indicating that stream flow did not fill the width of the flume. The
placement of the sampling and recording devices account for the
differences in the timing of samples collected versus the recorded hour
discharge began. Discharge at ephemeral stream site WBT440 rapidly
reached a peak of 8.15 L/s at 11:00 am on December 17, and gradually
decreased until 3:00 am December 18 when flow ceased (Fig. 11a).

The oxygen isotope composition of stream flow at the base of the

watershed (WB60) was -6.0% on December 15, and -6.0%. on December
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Figure 11. Stream a) discharge; b) oxygen isotopic compositions; and c)
silica concentrations measured at two stream sites (WBO and WBT440)

during a December 15 - 19, 1992 storm event.
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16 prior to the storm (Fig. 11b). During the entire storm event, the oxygen
isotope signature of stream flow at site WB60 fluctuated between -5.7%o
and -6.4%0 (Appendix A). Most of the variation in oxygen compaosition,
including the most negative value, occurred in the first half of the day on
the 17th (early in the storm on the rising portion of the hydrograph). Post-
storm stream flow Khad an oxygen isotope signature similar to pre-event
water (-6.2%o). The oxygen isotope composition of stream flow through
site WB300 varied (from -6.6%. to -6.2%0) throughout the storm event
(Appendix A), but within the analytical error of the analyses (+0.5%o).
Initially, the oxygen isotope composition of ephemeral flow through site
WBT440 remained fairly constant (6'®0 = -6.1%o; Fig. 11b), with the
exception of the second sample. During the descending portion of the
hydrograph (late December 17 - early December 18), the oxygen isotope
composition became lighter (-7.4%o), and then returned to -5.9%. before
flow stopped.

At both WB60 and WBT440 sites, the silica content of stream flow
was initially high, decreased rapidly, and then gradually increased (Fig.
11c). At site WB6O silica concentrations were relatively high prior to the
first rain event (3.53 ppm), and decreased afterward despite only a small
increase in flow (3.18 ppm). During the second rain event, the silica

concentration decreased rapidly to a low of 2.38 ppm, and then increased
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on the descending portion of the hydrograph to a final value of 2.97 ppm.
Similar to site WB60, silica in stream flow at site WBT440 was initially
high 3.03 ppm, rapidly decreased to 2.28 ppm, and then gradually

increased to a final 2.66 ppm (Fig. 11c).

Vadose water

The hour at which flow was initiated at the subsurface weir site is
unknown because of mechanical failure of the automatic sampler at this
site. The first grab samples were collected at ~11:00 am on December 17.
Subsurface flow at this site ended by the afternoon of December 17.

Soil samples taken both pre- and post-event from five sites located in
the vicinity of the borehole W7 show similar compositional trends in
oxygen, hydrogen, and silica (Table 4). Pre-event A-soil horizon samples
are relatively enriched in 0, and slightly depleted in deuterium compared
to B-horizon soils (Table 4; Fig. 12d). Post-event, A-horizon soil shifts
towards more negative 6'30 values, while becoming slightly enriched in
deuterium. The B horizon soils become more enriched in oxygen after the
event. Post-event deuterium trends are difficult to determine based on the
limited number of analyses.

Pre-event silica concentrations in soil horizon A are consistently

greater than B horizon soils (Table 4; Fig. 12e). Post-event, the silica
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Table 4. Average oxygen and hydrogen isotopic compositions and silica

concentrations in surface soil horizons (A and B) sampled in December

1992.
December 15 1992 December 19 1992
A horizon B horizon A horizon B horizon

6'%0 ave -6.0 -7.0 -7.0 -5.7
-6.6 -7.3 -7.7 -5.9

%9  range to to to to
-4.9 -6.7 -6.2 -5.5

éD ave -36 -29 -35 -28
.42 .40 -40 .34

(%d range to to to to
-25 -20 -33 -27

Si ave 3.02 0.50 2.87 1.57
2.22 0.30 2.22 0.03

(ppm) range to to to to
4,28 0.75 3.98 3.10
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Figure 12. Stream discharge at two stream sites (a) is compared to

groundwater levels in four wells (b), discharge at four springs (c), oxygen
isotope compositions (d) and silica concentrations (e) of three wells, four
springs, and soil water samples, during a December 15 - 19, 1992 storm

event.
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concentrations decrease in the A horizon (Table 4; Fig. 12e) and increase
markedly in the B horizon. The silica concentration of B-horizon soil water
was usually less than 1 ppm. This is unlike that measured by Mulholland
(personal communication), and Wilson and others (1991b), which indicate

an average silica concentration between 2 and 3 ppm.

Groundwater

Water levels rose by 0.180 - 1.142 m in all four groundwater wells
due to the December 15 - 19 storm event (Table ). Unlike the relatively
flat seasonal trends in water level seen in the shallow well (PS8; Fig. 7),
water levels in PS8 were significantly affected by the storm event (Fig.
12b). This is most likely due to the expansion of the stream channel duriﬁg
the event, and the existence of several storm-generated groundwater
springs in the vicinity of this well. In fact, the well casing was surrounded
by ephemeral spring flow.

Flow increased in all four groundwater springs during the event (Fig.
12c). Flow in spring S4 located near the shallow well (PS8) increased
most, with a maximum discharge increase of 4.31 L/s above baseflow
conditions (1.98 L/s). The maximum measured spring flow occurred at
nearly the same time as peak stream discharge on December 17. On the

basis of daily spring discharge measurements, groundwater from these four
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Table 5. Depth to the water table in four wells prior to and after a storm

event,

Depth to the water table (m)

Well name Dec. 13 1992 Dec. 19 1992
PS8 0.914 0.560
W5 5.482 5.302
W6 13.074 11.932
W7 26.902 26.660
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springs collectively contributed a minimum of 4 L/s and a maximum of
10 L/s to the stream hydrograph at site WBO.

Groundwater sampled from three wells was apparently unaffected
isotopically by the storm event within the sampling interval (Fig. 12d).
Po\ssible isotopic variations during the event could not be observed because
of the nature of the sampling equipment used. The shallow well (PS8) had
an average oxygen signature of -5.8%.. Groundwater sampled from W5
and W6 had average oxygen signatures of -5.9%., and -6.5%o, respectively.
Silica concentrations remained fairly constant in wells W5 and W6 (Fig.
12e). The silica concentration in the shallow well (PS8) greatly decreased
after the event (from 4.87 to 2.63 ppm; Fig. 12e). The silica concentration
of groundwater samples collected once a month over 2 years indicate an
average silica concentration of 3.7 ppm (Mulholland, personal
communication).

The oxygen isotope composition of samples from three groundwater
springs (S3, S3a, Sb) varied in response to the storm event. The §'%0
values of groundwater at these sites became more positive from December
15 to 17, more negative from December 17 to 18, and more positive again
from December 18 to 19 (Fig. 12d). In contrast, the oxygen composition of
groundwater sampled at spring site S4 remained essentially constant

throughout the event (Fig. 12d). Springs sites S3 and S3a had similar
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isotopic compositions and discharge patterns each day sampled (Fig. 12c,
d), although discharge from spring S3 was consistently 1.50 L/s higher. It
can be assumed that, because of their isotopic and disch;arge similarities
and proximity to each other, they are fed by the same fracture system.
Spring site S5, with one exception on December 18, was the most
enriched in oxygen-18 (6'®0 = -6.2%0). Spring S5 forms a relatively wide,
flat, and slow-moving pool above the flume. This pool provides a large
surface area for evaporation of the spring water upstream from the
sampling point. Enriched isotopic compositions may result from such
evaporation.

The silica concentration in samples from groundwater springs S3,
S3a, S4, and S5 varied in response to the storm event, with each spring
experiencing similar temporal trends of dilution or concentration (Fig. 12e).
From December 15 to 17, the silica concentration in the springs decreased.
From December 17 to 18, it increased; from December 18 to 19, they
decreased once again. Silica concentrations in springs S3 and S3a were
greater than in the other two springs (~3.17 ppm), with S4 being the most
dilute (~3.06 ppm). Spring S4 and the adjacent shallow well (PS8) do not
share the same pre-event silica content (S4 = 3.06 ppm, PS8 =
4.87 ppm). This difference may be a result of an inaccurate analysis of the

pre-event silica concentration in water from well PS8. Their post-event

71



silica concentrations are similar (S4 = 2.69 ppm, PS8 = 2.63 ppm).

Hydrograph separation

Three storm flowpaths have previously been identified in the West
Fork of Walker Branch Watershed through hydrologic and chemical (Ca and
S0O,) measurements (Mulholland et al., 1990; Mulholland, 1993). These
flowpaths include: 1) groundwater flow through bedrock which supplies
much of the base flow to the perennial stream, 2) saturated soil flow just
above the bedrock-soil interface which contributes both to base flow and
storm flow, and 3) a perched saturation zone within the upper soil horizon
that supplies flow only during storm events. The contribution of new
(precipitated) water along each of these flowpaths was not considered in
the three component model applied, although new water could be
important in the perched flowpath and possibly the deeper saturated soil

flowpath.

Storm flow end-member mixing calculations

The general approach to hydrograph separation based on an end-
member mixing model is to determine the end-members that potentially
produce storm flow, using oxygen and hydrogen isotope ratios, or selected

ion concentrations. This is done by solving a set of mixing equations for
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the fractional contribution of each end-member to stream flow at any time.

The two-component mass balance mixing equations are as follows:

Q =Q, +Q,

and:

Q./Q, = [UC, - CH/(C, - CJ]

where Q is discharge, C is the tracer concentration, and the subscripts t, n,
and o refer to the total, new, and old water components, respectively
(Skiash and Farvolden, 1979; Ingraham et al., 1991). For these equations,
"new" water is event precipitation and "old" water includes both
groundwater and soil moisture present before the event (Sklash and
Farvolden, 1979; Pearce et al., 1986; Sklash et al., 1986; Bottomley et al.,
1986). Only a single tracer (isotope or solute) is needed to solve these
equations since there are only two unknowns (Q, and Q,).

A more recently proposed three end-member model considers the
separate contribution of soil water and groundwater to "old” waters
(Pearce et al., 1986; DeWalle et al., 1988; Christophersen et al., 1990;

Hooper et al., 1990). In this case,
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Q =0, +0Q, +Q,

and:

Q,/Q, = [(C, - C,/C, - C, )] - Q/Q(C, - C NC, - C,,)]

where Q and C are as above and the subscripts t, p, s, and gw represent
total stream flow, event precipitation, old soil water, and old groundwater
components (DeWalle et al., 1988). Solution of the three end-member
equation requires two independent tracers (isotopes and/or solutes) (Sklash
and Farvolden, 1979). Because oxygen and hydrogen experience similar
temperature-dependent fractionation, and their isotopic ratios are
correlated, they cannot be considered independent tracers. However, a
conservative chemical constituent such as Si may be used as a second

tracer.

Two end-member model

The separations performed for WBO using 6'80 yielded a "new”
water (precipitation) contribution of 1% of the total storm flow volume (7.2
x 10% L). The maximum "new" water contribution at any time for which

we have water samples was 12% (Table 6), occurring within the
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Table 6. The percentage of new water, soil water, and groundwater

contributed to total storm flow at stream site WBO, including the maximum

contribution to stream flow at a sampled interval. Two and three

component model results are compared.

Model Tracer Comments Component Total | Max.
(%) (%)
two incremental new | new water
1 12
component §'%0 water
independent new water
rainfall events <1 12
measured Si, new water 5 15
new = 0.02 ppm
Si “background” Si | new water
16 26
new = 0.02 ppm
three measured Si new water 5 32
, 5'%0 incremental new | soil water 50 71
component water groundwater 45
and measured Si, new water <1 5
new = 0.02 ppm | soil water 48 54
Si independent new | groundwater 52
“background” Si | new water 3 9
incremental new | soil water 52 66
water groundwater 46
“background” Si | new water 2 5
independent new | soil water 52 68
water groundwater 46
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o

first few hours of storm flow in the morning of December 16 (Fig. 13a, b).
The results of the separations indicate that the contribution of precipitation
to total stream flow was significant only during the period of rain. At the
height of stream flow at site WBO on December 17, the "new" water
contribution had declined to 1%.

New water contributed 5 - 16% of the total stream flow at site WBO
when calculated using measured and “background” silica as a tracer (Table
6). The maximum "new" water contribution was 15% (measured silica) to
26% (“background” silica), occurring at the first peak in stream flow (Fig.
13c, d, respectively). This estimate is slightly greater than that determined
from the application of oxygen-18 as a tracer (Table 6). At the height of
stream flow at site WBO, the "new" water contribution based on Si
concentration was 7% (measured) or 19% (“background”). The results of
the separation performed using “background” silica indicated a new water
contribution greater than that determined from the other two end-member
separations (Table 6).

The application of oxygen-18 as a hydrograph component tracer at
the ephemeral stream site WBT440 also indicates the dominance of the
"old" water contribution to stream flow (Table 7; Fig. 14). New water
contributed 3 - 6% of the total stream flow volume (19,927 L) at site

WBT440 based on hydrograph separations using the isotopic composition
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Figure 13. Two end-member hydrograph separations of stream flow at
perennial stream site WBO to identify old versus new water. An incremental
new water hydrograph separation method using oxygen as a tracer (a) is
compared to an independent new water method using oxygen (b), a
method using measured silica tracer concentrations (c); and one using

background silica tracer concentrations (d).
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Table 7. The percentage of new water, soil water, and groundwater

contributed to total storm flow at ephemeral stream site WBT440,

including the maximum contribution to stream flow at a sampled interval.

Two and three component model results are compared.

Model Tracer | Comments Component Total | Max.
(%) (%)
two incremental new new water 6 8
component §'%0 | water
independent new water 3 3
rainfall events
measured Si, new water 8 18
Si new = 0.02 ppm
“background” Si new water 19 29
new = 0.02 ppm
three measured Si new water 5] 11
component 6'®0 | incremental new | soil water 45 71
water groundwater 48
and measured Si, new water 2 3
new = 0.02 ppm | soil water 52 59
Si independent new groundwater 45
“background” Si new water 7 14
incremental new soil water 78 59
water groundwater 15
“background” Si new water 4 17
independent new soil water 96 100
water groundwater 0 14
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Figure 14. Two end-member hydrograph separations of stream flow at
perennial stream site WBT440 to identify old versus new water. An
incremental new water hydrograph separation method using oxygen as a
tracer (a) is compared to an independent new water method using oxygen
(b), a method using measured silica tracer concentrations (c); and one

using background silica tracer concentrations (d).
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of the second rainfall event, and an incremental-weighted average of the
isotopic compaosition of both rainfall events combined (Fig. 14b, a,
respectively). The maximum "new" water contribution was calculated as
3% (second rainfall composition) to 8% (weighted average of both rainfall
events’ isotopic composition), occurring near the peak of stream flow
(Table 7; Fig. 14b, a, respectively). The period in which the “fiew™ water
contribution was greatest was during and shortly after the period of rainfall
on December 17.

The stream flow separation for WBT440 calculated using silica as a
tracer yielded a greater estimate (8% measured, 19% “background”) for
the new water contribution to total stream flow (Table 7; Fig. 14c, d,
respectively). The maximum new water contribution to stream flow was
calculated at 18 - 29%, as stream flow first began at the ephemeral stream
site (Table 7; Fig. 14c, d). The results of the hydrograph separations for
stream site WBT440 using measured silica and a combined oxygen isotopic
composition of both rainfall events were similar. The separation performed
using “background” silica concentrations for old water was most unlike the
results obtained by separations using other tracer concentrations {measured

silica or either oxygen solution).
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Three end-member model

The three end-member mixing model simultaneously considers the
680 composition and silica concentration of waters to determine the
individual contributions of groundwater (wells and springs), soil water (A
and B soil horizons), and throughfall. Pre-event oxygen isotope tracer
concentrations for both groundwater and soil water were determined from
samples of each collected before the event (Appendix B). Groundwater
samples were from three wells and four springs; soil water samples were of
the A and B soil horizons. The pre-event oxygen-18 compositions of
groundwater and soil water were 6'®0 = -6.1%0 (£ 0.3%., n=7 ), and §'°0
= -6.5%0 (£ 1.2%0, n=8), respectively (Appendix B).

Four three end-member separations were performed for each stream
site. The first separation used the incremental volume-weighted throughfall
averages applied in the two end-member model (6’0 = -7.8%. and Si =
0.56 ppm). The old soil (1.78 ppm) and groundwater (3.56 ppm) silica
concentrations applied in both the first and second hydrograph separations
were an average of measured values. A new water silica concentration of
0.02 ppm was applied in the second separation method. This value was
based on the silica concentrations in precipitation measured in previous
research. The 6'®0 composition of the first rainfall event was applied only

to the time when the second rainfall event began (separate new water
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compositions). The third separation method used “background” silica
concentrations (soil water 2.7 ppm and groundwater 3.7 ppm), a new
water Si concentration of 0.02 ppm, and an incremental volume-weighted
throughfall 6"®0 composition (combined rainfall events). The final
separation method used “background” silica concentrations, new water Si
= 0.02 ppm, and two separate new water 6'20 compositions. Each
solution assumed that groundwater and soil water retained their pre-event

isotopic ratios and silica concentrations during the event.

Three end-member separations using measured tracer concentrations

The first application of the three end-member model used the
measured "new" and "old" water tracer concentrations. The tracer
concentration of samples from three wells and four springs was used to
compute the groundwater tracer concentration (Appendix B). The soil
water tracer concentration was the average of the tracer concentrations in
A and B soil horizon samples.

The solution to the three end-member model, using measured tracer
concentrations, indicates that precipitation contributed 5%, soil water
50%, and groundwater 45% to the total stream flow at perennial site WBO
(Table 6; Fig. 15a). The maximum "new" water contribution of 32% (Table

6), occurred as the second rain event began. Soil water rapidly increased
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Figure 15. Three end-member hydrograph separations of stream flow at
perennial stream site WBO using oxygen and silica to distinguish between
new water, soil water, and groundwater. The separation methods are (a)
incremental new water oxygen isotopic compositions and measured silica
concentrations; (b) independent new water and measured silica
concentrations; (c) incremental new water and background silica
concentrations; and (d) independent new water and background silica

concentrations.
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to a maximum contribution of 71% between peaks in storm stream flow.
Soil water usually contributed no less than 33% of storm flow. The
maximum groundwater contribution was 79%, occurring prior to the
second rain event. The minimum groundwater contribution was 9%,
occurring as soil water reached its maximum contribution between peaks in
stream flow.

Groundwater dominated storm stream flow at ephemeral site
WBT440 (Fig. 16a). The solution to the three end-member model at this
site indicates that precipitation contributed 6%, soil water 45%, and
groundwater 48% to the total stream flow. Precipitation reached a
maximum contribution of 11% (Table 7) during the peak in stream flow;
5 hours after the second rain event ended. The maximum soil water
contribution of 71% was determined from the first ephemeral stream
sample collected. Groundwater contributed a minimum of 29% while soil
water reached its peak contribution, and a maximum of 57% at 2:40 am

on December 18.

Three end-member separations using measured Si concentrations,

0.02 ppm new water Si, and separate rainfall events

The second separation method applied real silica concentrations to

old soil water (1.78 ppm) and groundwater (3.56 ppm), a new water Si
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Figure 16. Three end-member hydrograph separations of stream flow at
perennial stream site WBT440 using oxygen and silica to distinguish
between new water, soil water, and groundwater. The separation methods
are (a) incremental new water oxygen isotopic compositions and measured
silica concentrations; (b) independent new water and measured silica
concentrations; {c) incremental new water and background silica
concentrations; and (d) independent new water and background silica

concentrations.
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concentration of 0.02 ppm, and assumed two separate rainfall events. The
&'80 composition of the first rainfall event was applied only up to the time
when the second rainfall event began, after which time only the
composition of the second rainfall event was applied.

The solution to the second hydrograph separation indicated that new
water, soil water and groundwater contributed <1%, 48%, and 52%,
respectively to the total stream flow at site WBO (Table 6; Fig. 15b). The
maximum new water contribution was determined to be 5% of stream flow
as the second rainfall event began. Soil water reached a maximum of 55%
of stream flow at the height of flow. According to this hydrograph
solution, groundwater and soil water contributed nearly equally to the
stream storm flow (Table 6).

The total new water, soil and groundwater contributions to storm
stream flow at site WBT440 were 2%, 52%, and 45%, respectively (Table
7), using the above mentioned tracer concentrations. The maximum new
water contribution was 3%, occurring as stream flow first began. The
contribution of soil water and groundwater were essentially equal during
the height of stream flow (Figure 16b). Groundwater contributed no less
than 37% and no more than 57% to storm stream flow at any sampled

interval.
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Three end-member separations using background Si concentrations

The third three end-member mixing model applied measured oxygen
isotopic ratios, and background silica concentrations of event precipitation
(0.02 ppm), soil water (2.70 ppm), and groundwater (3.7 ppm) determined
from previous research by Mulholland (personal communication) and Wilson
and others (1991b). This method used an incremental volume-weighted
new water 6§'®0 composition which combined the values of both rainfall
events through time.

This application of the three end-member mixing model indicates that
new water contributed 3%, soil water 52%, and groundwater 46% to the
total stream flow at site WBO (Table 6). The maximum new water
contribution was 9% (Table 6), occurring prior to the initial peak in stream
flow (Fig. 15¢). The soil water contribution to stream flow was
approximately 66% during peak stream flow (Fig. 15c¢). It was least during
the first few hours of stream storm flow, and remained greater than 40%
after the peak in stream flow. Groundwater dominated stream flow at the
beginning and end of the sampling interval, with soil water dominating
stream flow between these times (Fig. 15¢). The minimum contribution of
groundwater (29%) occurred at the same time that soil water reached its
maximum.

Soil water dominated the hydrograph at ephemeral stream site




WBT440 (Fig. 16¢c). Here, new water contributed 7%, soil water 78%,
and groundwater 15% of the total stream flow (Table 7). The maximum
new water contribution was determined to be 14% of stream flow,
occurring during the peak in ephemeral stream flow (Fig. 16¢). The soil
water contribution was greatest during the last sampled intervals (98 %],
and least as flow first began (59%). The groundwater contribution was as
little as 1%, and never exceeded 36% (during the first hours of ephemeral

flow).

Three end-member separations using independent throughfall events

The third end-member separation method used background silica
concentrations and measured oxygen isotope compositions for event
precipitation, soil water, and groundwater (see Three end-member
separation using background Si concentrations for tracer concentrations).
However, the tracer concentrations of each precipitation event were
applied to the model independently of each other. The tracer
concentrations of the first rainfall were used only up to the moment the
second rainfall began. With the onset of the second rainfall, the tracer
concentrations of "new"” water applied to the model were those of the
second rainfall event only.

The solution to the end-member separation identifying two distinct
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rainfall events indicates that new water, soil water and groundwater
contributed 2%, 52%, and 46% of total stream storm flow at stream site
WBO, respectively (Table 6). New water contributed a maximum of 5% to
stream flow during the first hours in which the second rainfall event began
(Fig. 15d). Soil water dominated the storm hydrograph during hours in
which peak flow occurred (Fig. 15d). The maximum contribution to stream
flow was 68%, occurring at the peak in flow. The groundwater
contribution was least during this time (31%), and never exceeded 89%
(first hours of stream flow).

Soil water dominated the storm hydrograph at the ephemeral stream
site WBT440 using separate "new" water tracer concentrations (Fig. 16d).
Soil water contributed an average of 96%, "new" water an average of 4%,
and groundwater an average of <1% to the total ephemeral stream flow
(Table 7). Soil water contributed no less than 70% to the stream flow at
any sampled interval. The "new" water contribution represented the
second rainfall event only, since the first event had ended before ephemeral
stream flow began. The results of this separation are unlike the resuits of
all other separations.

All of the three end-member separations performed for stream flow
at site WBO had similar results, with soil water and groundwater

contributing nearly equally to the total stream storm flow (45 - 562%). The
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new water contribution to stream flow was < <1 to 5% as a result of the
three end-member hydrograph separations. The new water contribution to
stream flow determined in this model was similar to that of two end-
member separations, with the two end-member separation using
“background” silica concentrations being greater (16%).

The results of the three end-member separations performed for
stream storm flow at site WBT440 varied from 2% to 7% new water, with
the soil water contribution ranging from 45% to 96%, and groundwater
0% to 48%. The results of the two end-member separations are similar to
those of the three end-member separations (3% to 8%), with the exception
of the two end-member separation using “background” silica
concentrations (19%). The results of the “background” silica two end-
member separations for stream flow at sites WBO and WBT440 are unlike

the results of the three end-member hydrograph separations.
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VI. Discussion

The purpose of this study was to evaluate the sources of
groundwater recharge and surface discharge in the West Fork of Walker
Branch Watershed. This was done through tracer analysis of watershed
hydrology at regular intervals over time and during one storm event. In the
following section (Annual conditions) the 1) type and quantity of water
recharging and discharging the watershed, and 2) significance of soil water
moisture and oxygen isotope profiles with depth are examined.
Conclusions are drawn concerning the role and timing of new water, soil
water and groundwater in storm-generated runoff in the subsequent section

on the December 15 - 19, 1992 storm.

Annual conditions
Throughfall

A local meteoric water line having a slightly steeper slope (§'®0 =
9.086D + 17) than the global meteoric water line was defined using 43
throughfall samples collected over 16 months. The local meteoric water
line describes the isotopic composition of precipitation over only a limited
sampling interval. The oxygen and hydrogen isotopic compositions of local
throughfall lie within the scatter of the global line (Craig, 1961b), and

therefore, the presently defined iocal meteoric water line is likely not
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different from the global meteoric water line. Thus, the global meteoric
water line should continue to be used to describe local precipitation.

The local meteoric water line was established with throughfall
samples to describe the isotopic composition of recharge within the
watershed, and the surrounding region. Open rainfall was not collected
during this study, therefore the difference between precipitation and
throughfall cannot be evaluated at this time. Future studies comparing
open rainfall and throughfall would be useful in understanding the effects
of the forest canopy on both the isotopic composition and volume of
meteoric water recharging the watershed.

The isotopic composition of water recharging the watershed is
volume dependent, therefore, a volume-weighted average isotopic signature
should be used. This weighted average is calculated using the equation:

WA = Z(v*d)/Zv
(Dansgaard, 1964; Yurtsever and Gat, 1981), where WA equals weighted
average, v is the volume of precipitation from an individual event, and ¢ is
the isotopic composition of an individual event. Volume-weighted summer
monthly isotope averages are fairly constant (6’0 = -4.2 +1.6%0, 6D =
-21 +11%) whereas winter precipitation varies significantly from month to
month (6'®0 = -7.6 +3.5%0, 6D = -49 =+ 24%.; Figure 17). The

unweighted and volume-weighted 6'®0 and 6D annual, summer and winter
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Figure 17. Volume weighted average monthly oxygen and hydrogen isotope
compositions of throughfall in Walker Branch Watershed (line). Spikes
represent the precipitation thickness of each event; dots represent the

oxygen isotopic composition of individual events.
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averages are similar (Table 8). Recent studies indicate that only portions of
a rainfall event are responsible for groundwater recharge, not the entire
volume of rainfall infiltrating the ground surface (Nativ, personal

communication).

Vadose water

The auger and core sampling method employed to sample the soil
column in the bore hole (W7; Fig. 2) allows for the examination of discrete
portions of the soil column but is inadequate to determine whether
individual portions of the column are in fact lateral or vertical flow zones.
Although this method was employed, the abundant presence of zones
containing high soil moisture within a soil matrix having low hydraulic
conductivity support the idea of preferred subsurface pathways recharging
deeper groundwater. Intersecting fragmented chert zones act as
macropores to quickly facilitate infiltration to greater depths. At shallower
depths, root channels, worm burrows, and other macropores act to channel
water downslope at shallow depths in response to storm events. Shallow
subsurface flow was observed during this study, and in many previous
hydrologic studies of the Walker Branch Watershed since the installation of
the subsurface weir. Previous solute studies in the 0.47 ha subcatchment

of the Walker Branch Watershed (Jardine et al., 1990; Luxmoore et al.,
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Table 8. Average and volume-weighted average oxygen and hydrogen

isotopic composition of throughfall.

Annual

Winter

Summer

Average Volume-weighted average
530 (%o) §D (%o) 530 (%o) §D (%)
-5.6 -34 -5.7 -33
-7.6 -49 -7.0 -47
-4.2 -21 -4.2 -20
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1990; Mulholland et al., 1990; Muiholland 1993) indicate that infiltrating
rainfall quickly flows through meso- and macro- pores, bypassing much of
the soil matrix.

The low soil moisture content (13.3%) and relatively depleted
oxygen isotope composition (6'80 = -10.7%o), in soils of the top 0.61 m of
the bore hole (0 - 0.61 m) would indicate that evaporation, which wouid
cause a relative enrichment in heavy isotopes, is less significant than the
movement of recently infiltrated waters to greater depths. Previous studies
(Jardine et al., 1990; Luxmoore et al., 1990; Mulholland, 1990; Wilson et
al, 1990) have determined that shallow subsurface flowpaths facilitate
flow to the stream channel as a result of relatively large rain events
(depending on the preceding soil moisture conditions), whereas, deeper
subsurface flowpaths continuously supply the underlying groundwater table
(Mulholland et al., 1990; Mulholland, 1993; Wilson et al., 1991a).
Variations in oxygen isotope signatures with depth probably represent a
combination of: 1) mixing of infiltrated water with water held in meso- and
micro- pores, and 2) infiltrated waters which bypassed the soil matrix
through macro- or mesopores, allowing less mixing to occur with soil
moisture.

The significance of the soil moisture profile, logging of saturated soil

horizons, and the oxygen isotopic composition of soil horizons with depth
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is dependent on the timing of the emplacement of the bore hole, as well as

the interconnected nature of the numerous soil horizons. The mobility of
soil water within different soil horizons may differ, therefore, caution
should be exercised when interpreting the variability of oxygen isotopic
compositions with depth. Additionally, the seasonal timing of the bore hole
soil sampling should be considered when any translation from winter soil
moisture or oxygen isotopic composition profiles to that of summer are
being made. Finally, the borehole samples obtained during December 1991
represent the soil moisture content and oxygen isotopic composition of a

limited spatial distance.

Surface water and groundwater

Winter precipitation recharging the groundwater system in the
Walker Branch Watershed and the surrounding region largely determines
the isotopic composition of groundwater discharging to streams. The
isotopic composition of groundwater recharge should approximate the
average winter precipitation signature, due to the greater volume of winter
precipitation available for recharge (lower rates of evapotranspiration).
Iindeed, the annual isotopic composition of groundwater {6'30 = -6.0%o)
and surface water (60 = -6.0%0) sampled in the Walker Branch

Watershed reflect winter precipitation compositions (6’20 = -7.0%o;
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volume-weighted 6'®0 = -7.6%c) more closely than summer precipitation
(unweighted and volume-weighted 6'°0 = -4.2%0). Three East Tennessee
rivers sampled by Kendall (unpublished data) have average annual isotopic
signatures (6'®0 = -6.4%., 6D = -39%0) similar to surface water sampled in
the Walker Branch Watershed. The 1.6%. difference between the average
annual compositions of stream flow and groundwater, and volume-
weighted winter throughfall supports the conclusion that winter
precipitation is the dominant, but not only, source of groundwater
recharge. The isotopic composition of baseflow and throughfall are
consistent with a minor contribution of summer precipitation to
groundwater recharge within the watershed. Evaporation of infiltrated
winter precipitation within the soil column could also account for the

relative enrichment of the baseflow oxygen isotope composition.

December 15 - 19, 1992 storm
Throughfall

Although the calibration of the sequential throughfall collector was
such that the two precipitation events were separated into only three
portions, decreases in 6'®0 and 8D throughout the event were detected.
Mulholland (unpublished data) has also measured progressive declines in

the 60 content of throughfall during storms in the Walker Branch

103



Watershed. Unlike the suggestion of using several rainfall collectors

(Kendall and McDonnell, 1993), throughfall collected at one site in the
Walker Branch Watershed is believed to be representative of precipitation
occurring over this relatively small watershed (38.4 ha). The depletion of
oxygen and hydrogen isotopic ratios measured in throughfall throughout
this event indicates the importance of sequential rainfall sampling,
especially in the application of environmental isotopes or water chemistry
to water evolution studies. Sequential rainfall sampling allows for more
precise quantitative solutions to hydrograph separations. Only that portion
of a rain event that has reached the ground surface is incorporated into the
model at any point in time.

An estimate of the volume of direct channel rainfall can be
determined for both rainfall events assuming an equal throughfall
distribution. Direct channel precipitation from the first event {~ 25,950 L)
and second event (~42,000 L) totaled ~67,950 L (channel area = 1500 m?;
Mulholland, 1993). Direct channel precipitation therefore accounts for a

very small portion of the total stream flow.
Surface water

There were two responses in stream flow at site WBO. First, direct

channel precipitation from the first rainfall event immediately caused a
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slight increase in flow. Second, a much greater increase in stream flow
occurred as a result of the second rain event, approximately 18 hours after
the first precipitation event ended. This rise in stream flow occurred during
the hours of precipitation. Stream flow increased again and reached
maximum discharge as flow through the ephemeral stream sites began.
The relatively quick response of the watershed to the second rainfall event
is likely related to the saturated watershed conditions following the first
event.

Direct channel interception from the first rain event had little effect
on the oxygen isotopic composition and silica concentration of stream
water at site WBO, whereas direct channel interception from the second
event decreased the 6'20 value of stream water. The oxygen isotope
composition of stream water was unaffected by direct channel interception
of the first event because of their similar compositions (rain 6'80 = -5.7%o;
stream flow 6'®0 = -6.0%), and dilution of silica in stream flow was
minimal (0.51 ppm). Direct channel precipitation of the second event
temporarily resulted in a more negative oxygen isotope composition of
stream water (8'80 = -6.3%o).

Due to the timing of the rainfall events and the onset of ephemeral
stream flow at stream site WBT440, it is assumed that discharge at this

site was mainly in response to the second rain event. Previous studies
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(Mulholland 1990; 1993) indicate that both stream sites WBO and WBT440
respond nearly simultaneously to large precipitation events. In this case, it
can be concluded that the first rain event created saturated conditions
within the watershed, after which time the second rain event caused
ephemeral flow to begin at stream site WBT440 and produced the large
response in flow at WBO.

Similar to stream flow at site WB60, precipitation initially affected
the isotopic composition and silica concentration of stream water at site
WBT440. Although the second rainfall event was nearly over when
ephemeral stream flow began (Fig. 11a), the flushing of new water caused
a momentary decrease in the 6'20 value (-6.9%c) and a sharp decline in the
silica concentration (0.75 ppm difference) of stream flow at site WBT440
one hour after flow began (Fig. 11b, c). After this time, the oxygen
isotope composition of the stream water returned to a -6.0%. value, typical
of annual groundwater and surface water. The silica concentration also
increased, but it remained diluted compared to the first sample’s
concentration.

The persistence of low silica concentrations in stream flow at sites
WBO and WBT440 supports the hypothesis that soil water, rather than
precipitation, was a major contributor to stream flow. The rapid decline in

stream water silica concentration as stream flow increased at site WBO (to
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a minimal 2.38 ppm) and WBT440 (minimal 2.28 ppm) related to the first
and second rain events, would indicate that soil water (average Si =

1.76 ppm) was a major contributor to stream flow. The silica
concentration in stream flow increased momentarily between the stream
flow peaks resulting from the two rain events. The dilution of the silica
concentration in stream flow at both sites can only be partially accounted
for by direct channel precipitation (volume-weighted Si = 0.45 ppm;

0.02 ppm background levels) of both rainfall events. Direct channel
precipitation over the entire stream channel amounted to a total volume of
approximately 67,950 L (channel area = 1500 m?). Direct channel
precipitation from the second rain event (~42,000 L) could account for ~2%
of the increase in stream flow during the hours in which the rain fell
(42,000 L of direct channel precipitation; stream flow increase of 31.09 L/s

over 15.5 hrs).

Vadose water

Throughfall which infiltrated the ground surface caused a depletion in
the 0 value of the A-horizon soil water. Post-event B horizon soil water
was more enriched in 80 (6'®0 = -5.7%) than pre-event soil water (5'%0
= -7.0%); whereas, post-event A horizon soil water was more depleted

(pre-event 6'®0 = -6.0%o; post-event 6’80 = -7.0%0). The enrichment of B

107



horizon soil water and depletion of A horizon soil water may be caused by
infiltration of more depleted precipitation (volume-weighted average 6'%0 =
-7.3%o) displacing some A-horizon soil moisture into the underlying B
horizon and diluting what remains within the A horizon. Two scenarios
exist with the post-event B-horizon soil moisture becoming: a) more
enriched than that of pre-event A horizon; and b) enriched, but less than
that of pre-event A horizon waters (Table 2). This is probably due to the
amount of mixing which occurs during displacement of A horizon soil
moisture into the B horizon.

The dissolution of silica controlled the silica concentration in surface
soils after both rainfall events. Dissolution of silica from micro- and meso-
pores in shallow surface soils was induced by the introduction of infiltrating
throughfall having a low silica concentration (volume-weighted average of
0.56 ppm; background level = 0.02 ppm). Wilson and others (1991b)
determined that meso- and micro- pores of surface soils sampled in a
0.47 ha subcatchment of the Walker Branch Watershed, were capable of
supplying a semi-infinite source of solutes to water within macropores.
The maximum difference between averaged pre- and post- event soils
during this study was 0.29 ppm, occurring in the B horizon. The A horizon
soils experienced only a 0.08 ppm difference in silica concentration.

The silica concentration of groundwater and surface water might be

108



controlled by silica concentrations in soil water. The range of individual soil
concentrations (0.03 - 4.28 ppm) bounds that of groundwater wells and
springs (2.44 - 4.18 ppm), with one exclusion that will be discussed in the

next section.

Groundwater

Dissolution of silica from siliceous dolomite and chert may account
for the high silica concentration (4.87 ppm) in one shallow well (PS8) prior
to the storm event (Fig. 12e). Although soil silica concentrations may
determine the silica concentration of groundwater, in a catchment
consisting of siliceous dolomite with occasional chert beds, the local
dissolution of silica from these sources may occur concurrently. The
ultimate silica concentration in any water would be controlied by
equilibrium reactions under certain pH and temperature conditions.
(Amorphous silica has a solubility product constant of 2 X 10° at 25 °C
(Drever, 1988).) The silica concentration in this well was diluted as a result
of the storm event {2.63 ppm) similar to the dilution of silica in subsurface
(Wilson et al., 1991b) and surface water during increased flow.
Presumably, as the rate of groundwater flow decreases, the dissolution of
silica would again cause an increase in silica content. The silica

concentrations in the other two sampled wells were essentially unaffected
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by the storm event during the sampled period (Fig. 12e). The average

silica concentrations in groundwater wells before and after the event were
3.14 ppm (excluding PS8) and 3.00 ppm, respectively. This agrees with
the range of groundwater silica concentrations of 3 - 4 ppm observed by

Mulholland (personnel communication) over a 2 year period.

Hydrograph separations using two and three end-member models

Due to the timing of the rainfall events versus the increase in stream
flow, the limited number of sequential throughfall samples had no negative
effect on the results of the end-member models. The application of either
an incremental, or an average weighted mean (McDonnell et al., 1990) for
the tracer composition of throughfall throughout the event yielded the same
results.

The results of eight individual hydrograph separations for new water
(precipitation), soil water, and groundwater at each stream site can readily
be compared. The four two-end-member (old versus new water) separation
methods used were: 1) %0 as a tracer, incremental new water tracer
concentration; 2) 80 as a tracer, separate or independent rainfall tracer
concentrations; 3) measured Si concentrations as a tracer; and 4)
background Si concentrations as a tracer. The four three end-member

(new, old soil water, old groundwater) separation methods used were:
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1) combined new water and measured Si tracer concentrations; 2)
independent new water tracer concentrations and measured silica
concentrations (0.02 ppm new water substituted); 3) combined new water
tracer concentration and background Si concentrations; and 4)independent
rainfall tracer concentrations and background silica concentrations. As
previously stated, the background silica concentrations were determined
from previous research performed in the Walker Branch Watershed. These
silica concentrations are believed to be more representative of the

"background"” silica concentrations in each of these waters.

Precipitation

Event precipitation (new water) accounted for only a small portion of
the stream flow resulting from the two rain events. Eight individual
hydrograph separations performed for each stream site indicate that
precipitation contributed 1 - 16% of the total stream flow at stream site
WBO, and 2 - 19% of the total stream flow at site WBT440. Most of this
contribution occurred during the hours in which the second rain event
occurred (20:54 December 16 through 12:24 December 17), and after
subsurface flow began in the subsurface weir (observed at ~11:00 am on
December 17). The maximum individual new water contribution to stream

flow at stream site WBO (5 - 32%) and stream site WBT440 (3 - 29%)
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occurred just prior to or at the peak in stream discharge. The largest
average new water contributions to total stream flow at both sites was a
result of the separations performed using background silica concentrations.

The results of the other separations agreed more closely to each other.

Vadose water

Vadose water was determined to be a significant component of
storm-generated stream flow. The soil water contribution to stream flow
measured at site WBO was greatest during peak stream flow, and increased
during times of increasing stream flow. The soil water contribution at
stream site WBT440 was greatest as ephemeral stream flow began and
reached its peak at this site, and then the soil water contribution declined.
The decline in the soil water contribution to stream flow at both stream
sites could be attributed to 1) the declining effect of shallow subsurface
flow as infiltration of precipitation ended; and/or 2) the increasing
influence of deeper soil water flowpaths resulting in a greater groundwater
contribution (documented in similar studies in Walker Branch Watershed by
Mulholland et al., 1990; Wilson et al., 1990, Wilson et al., 1991a).

Results of the three end-member models disagreed on the soil water
contribution to total stream flow. The average soil water contribution

determined ranged from 48 - 52% of the total stream flow at site WBO,
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and 40 - 96% at site WBT440. The largest soil water contribution

determined for stream site WBT440 (96%) was the result of the separation
using independent rainfall events and background silica concentrations. The
results of the other three separations performed at this site range more
closely (45 - 78% of the total stream flow). The maximum soil water
contributions determined ranged from 66 - 71% at stream site WBO, and
59 - 100% at site WBT440. The resuits of these separations indicate that
soil water was a significant contributor to storm stream flow and
dominated the storm hydrograph during some of the periods sampled. The
separations performed at stream site WBT440 indicate that soil water
contributed slightly more to this stream location than to site WBO. This
difference can be explained by the greater number of groundwater outlets
to the stream channel below stream site WBT440, supplying the lower

portions of the stream with larger quantities of groundwater.

Groundwater

Some of the groundwater contribution to stream flow may to
attributed to groundwater "ridging" near the stream channel. The volume
of groundwater discharging to the stream over the duration of the event
cannot be quantified without continuous water table-level monitoring in

several wells located near the stream channel. It can, however, be
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concluded that groundwater ridging would be more significant in the lower

portions of the stream channel where the water table is closer to the
stream channel elevation. The significant role of groundwater throughout
the storm event at both stream sites supports the theory of a deeper
preferred subsurface flowpath recharging the groundwater system.

The four applications of the three component model yield slightly
different implications to the role of groundwater as a storm flow
component. The average groundwater contribution to stream flow was
greater at stream site WBO (45 - 52%) than at site WBT440 (0 - 50%).
Thus, groundwater was a significant contributor to storm stream flow at
both stream sites. The results of the separations performed for stream
flow at site WBT440 using measured silica concentrations were consistent
with the results of the four separations performed for site WBO. The
results of the three component models applying background silica
concentrations at site WBT440 were more variable. Generally, the
groundwater contribution to stream flow at both sites decreased while flow
increased, and then increased again after the peak in stream discharge,

when the soil water contribution was greatest.
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Model limitations

It is important to address the limitations of the hydrograph
separations. The similarity of 6'®0 values in pre-storm groundwater and
soil water compositions make three component hydrograph separations
difficult to perform. The similarity of end-member contributions resulting
from the two component model using silica as a tracer, however, would
indicate that, although this assumption was not met for oxygen, it had little
effect on the results of the separations.

Pre-storm soil water tracer concentrations are fair representations of
soil water flowing through macropores along the shallow subsurface
flowpath, but may not be representative of subsurface flow along deep
flowpaths. The surface soil samples collected were from within T m depth,
and therefore are not absolute representations of the entire soil column.
Deep soil water was not represented in the pre-storm tracer concentrations,
although soil moisture at greater depth may be an important contributor to
subsurface flow along deep flowpaths. The tracer concentrations in the
soil water represented are fair representations of soil water (2 m depth)
believed to contribute to the shallow storm flow zone.

Oxygen isotope compositions and silica concentrations of subsurface
flow throughout the event and silica concentrations with depth in the 30 m

deep borehole would have been extremely useful in substantiating the role
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of preferred subsurface flowpaths, and the amount of mixing that occurs

along the flowpath. The three water samples collected from the
subsurface weir on December 17 had oxygen isotope compositions of
-6.3%0, the same as the average pre-storm surface soil signatures
(Appendix A). It is unknown, due to mechanical failure of the automatic
sampler (battery died with no replacement battery available), whether the
composition of soil waters flowing through the subsurface weir changed or
remained constant during the event. It could be assumed, based on the
dilution of silica in subsurface flow during previous storm events within this
site (Wilson et al., 1991b}, that the silica concentration would have
declined during the event as recently infiltrated waters initiated subsurface

flow.

Comparison to other watersheds

The results of an isotopic characterization of precipitation, soil water
and groundwater occurring within the Georgia Piedmont (Wenner et al.,
1991) are similar to the results presented for the Walker Branch
Watershed. The oxygen isotopic composition of precipitation, soil water
and groundwater are slightly more positive within the watershed studied in
the Georgia Piedmont (~ 1%.). However, the seasonal trends observed in the

two watersheds were similar. Within both watersheds, the isotopic
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composition of groundwater remains fairly constant throughout the
calendar year. Within the Georgia Piedmont watershed, the composition of
summer stream water was more enriched (0.5%o) relative to the
groundwater supplying it because of evaporation affecting water ponded
above the sampling site.

The results of the hydrograph separations performed for storm
stream flow in the West Fork of the Walker Branch Watershed are similar
to several watersheds in which either "old" water macropore flow and/or
the development of a perched water table occurs within the unsaturated
zone. Storm flow generation within the Maimai catchment in New Zealand
is most similar to Walker Branch. Within the Maimai catchment macropore
flow is initiated after a perched water table develops (McDonnell, 1990).
Within both watersheds, soil water is significant in generating storm flow.

The dominance of old water in storm hydrographs in the Walker
Branch and Maimai watersheds, as well as catchments in the Georgia
Piedmont (Wenner et al., 1991) and the Tawhai State Forest, Westland,
New Zealand (Pearce et al., 1986), do not explain the rapid flushing of new
water via macropore flow. Instead, the recently infiltrated new water must
quickly lose its isotopic identity by mixing with the significantly larger
volume of soil water before reaching the stream channel (Wenner et al.,

1991). Thus within these watersheds, the water transported through
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macropores must be largely old soil water, but possibly including some new

event water that has isotopic and/or chemical compositions similar to that

of the soil water.
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Appendix B: Determination of tracer concentrations used in hydrograph
separation models.

Throughfall: :

Throughfall tracer concentrations were applied as weighted
incremental averages in some of the hydrograph separation models.
Incremental weighted averages were determined as the average of the
concentrations of rainfall collected up to the moment in time that the
sample was collected. Rainfall which had not yet reached the ground
surface was not incorporated into the calculation. For example, using
oxygen isotopic compositions of rainfall:

Date Precip. Vol. {cm) &6'80 (%)  Vol.X 6'®0 Inc. Wtd. Ave
12/16/92 1.73 -4.6 -8.0 -4.6
12/17/92 1.70 -9.3 -15.8 -6.9
12/17/92 1.10 -10.4 -11.4 -7.8

For some of the separations performed, the first and second rainfall
events were considered separately from each other. In this case, the tracer
concentration of new water was -4.6 %o until the second rainfall event
occurred. At the moment the second rainfall event began, the new water
tracer concentration was determined as the weighted average of the
concentration of rainfall from the second event. Thus, the tracer
concentration applied with the onset of the second rainfall event was -
9.7%0; ([1.70 cm X -9.3%0] + [1.70 cm X -10.4%01)/(1.70 + 1.10 cm).

Groundwater:

Groundwater tracer concentrations were determined by first
separately calculating an average concentration for samples collected from
wells and springs before the event. The average tracer concentration of
groundwater was then computed as the average of groundwater sampled
from wells and springs. This method prevented the favoring of groundwater
sampled from springs (a greater number of samples were collected from
springs than from wells). An example is provided using 6'20 (%o).
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Appendix B continued.

Wells 6'%0 (%o) Springs 6'%0 (%)
PS8 -5.8 S3 -6.4
W5 -5.9 S3a -6.1
W6 -6.4 S4 -6.4

S5 -6.2
Averages -6.0 -6.3

Groundwater Average = -6.1% (-6.0 + -6.3)/2

Soil Water:

The average tracer concentration of soil water was determined the
same way as that of groundwater. For soil water the average tracer
compositions of water extracted from the A and B soil horizons were
computed first. Second, the average of both sources of soil water was
determined. This method allowed for the equal representation of water
occurring in both soil horizons. For the silica averages, this method
prevented the favoring of A-horizon soil water over water occurring in the B
horizon. This is important since the lack of some silica analysis of B horizon
soils was due to insufficient sample size, not to the lack of water present.
An example follows using 6'20 (%o).

A Horizon &80 (%) B Horizon 620 (%)
1 -4.9 1 -7.2
2 -5.9 2 -6.8
3 -6.5 3 -6.7
4 -6.6 4 -7.3
Average -6.0 -7.0

Soil water average = -6.5% (-6.0 + -7.0)/2

Old water tracer concentrations applied to the two-endmember model:
Pre-event “old” water was determined as the average tracer
concentration of soil water and groundwater occurring prior to the rainfall
event. These averages were determined by first averaging the pre-event
tracer concentrations of soil water and groundwater separately as shown

above. An average of the two was then computed. Calculating the
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Appendix B continued.

averages in this manner prevented the favoring of one type of water. An
example of the method used to determine pre-event tracer concentrations
of “old” water using 6'%0 (%) follows.

Groundwater Average = -6.1%0 (above)
Soil water average = -6.5% (above)

Average “old” water 6'®0 = -6.3% = (-6.1 + -6.5)/2
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