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glossary
The following abbreviations were used in this report: 

Ca=Calcium, H=Hydrogen, Mg=Magnesium, K=Potassium, Na=Sodium, SO4=sulfate,  
Cl=chloride, HCO3=bicarbonate, NO3=nitrate, B=boron, Sr=strontium, F=fluoride,  
H2CO3=carbonic acid, NH4=ammonium, d18O=stable isotope of oxygen-18, d2H=stable  
isotope of deuterium, d34SSO4=stable isotope of sulfur, SO2=sulfur dioxide, BaSO4=barium sulfate

‰=parts per thousand, CDT=Canyon Diablo Troilite, mg/l=milligrams per liter, 
mg/l =micrograms per liter, pH=negative logarithm of hydrogen ion concentration,  
SMOW=standard mean ocean water, TDS=total dissolved solids 

Ca–Mg–Na–HCO3=calcium–magnesium–sodium–bicarbonate, Na–HCO3=sodium-bicarbonate, 
Ca+Mg-0.5HCO3-SO4=calcium+magnesium–0.5 bicarbonate-sulfate, Na–Cl=sodium-chloride, 
Ca+Mg/HCO3=calcium+magnesium/bicarbonate, HCO3/Cl=bicarbonate/chloride,  
Ca–Mg–HCO3=calcium–magnesium–bicarbonate, Na–Ca–HCO3–Cl=sodium–calcium– 
bicarbonate–chloride, Na/(Na+Ca)=sodium/sodium+calcium 
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Executive summary

Numerous oxbow lakes occur along 
the Brazos River, which stretches 

over 840 miles across Texas. Created 
by lateral stream erosion and changes 
in the course of the river, these lakes 
were formed when the main stream 
channels were abandoned. When the 
oxbow lakes and main channel connect 
during floods, the water from these sur-
face water bodies mixes, resulting in an 
exchange of aquatic plant and animal 
species. These exchanges are important 
avenues for maintaining biodiversity in 
a river ecosystem. 

The main focus of this investigation 
was to determine the source water of 
three oxbow lakes near Bryan and Hemp-
stead, Texas. Using site topography and 
water surface elevation information, we 
evaluated surface connections of each 
oxbow lake with the main channel of the 
river. We estimated recurrence inter-
vals for connections based on historical 
streamflow and ground survey measure-
ments. Results indicate that Moelhman 
Slough connects to the Brazos River at 
least twice per year, Korthauer Bottom 
connects to the Brazos River more than 
once per year, and Horseshoe Lake rarely 
connects to the Brazos River, even dur-
ing intense flood events. 

We sampled the three oxbow lakes, 
river water near the lakes, adjacent 
groundwater from the shallow alluvial 
aquifer, and the Queen City, Sparta, and 
Evangeline aquifers that lie below the 
alluvium for isotopic and chemical com-
positions. Isotopic compositions of the 
alluvial groundwater, river water, and 
oxbow lake water show a progressive 
enrichment in oxygen and deuterium 
isotopes due to their continued evapora-
tion. Groundwater in the alluvial aquifer 
shows unenriched isotopic values due to 
an absence of any significant evapora-
tion during recharge. When groundwa-
ter from the alluvium discharges as base 

flow into the river, it mixes with the river 
water causing enrichment in isotopic val-
ues. In the oxbow lakes, higher evapora-
tion occurs because water is locked into 
shallow, standing bodies of water, which 
leads to more enriched values. Ground-
water from the Queen City, Sparta, and 
Evangeline aquifers near the lakes has 
more depleted isotopes and a sodium-
bicarbonate composition that differenti-
ates it from the more enriched isotope 
and calcium-sodium-bicarbonate com-
position of groundwater from the Brazos 
River Alluvium Aquifer. 

These differences in chemical and 
isotopic compositions suggest that there 
may not be any significant upward dis-
charges from the Queen City, Sparta, 
and Evangeline aquifers into the Brazos 
River Alluvium Aquifer and the Brazos 
River. Water levels and base flow analy-
ses suggest that a substantial portion of 
the water in the Brazos River is derived 
from base flow from the shallow allu-
vial aquifer. Estimated average base 
flow discharges are significantly higher 
downstream than upstream. Fresher 
(less saline) groundwater composition 
in the lower parts of the alluvial aquifer 
produces a fresher river water composi-
tion downstream. 

We estimated recharge into the Bra-
zos River Alluvium Aquifer using base 
flow and chloride mass balance meth-
ods. Using the base flow method, we 
estimate that average recharge into the 
aquifer ranges from 0.74 to 0.95 inches 
per year. Using the chloride mass balance 
method, we estimate average recharge is 
about 0.33 inches per year; however, this 
method may underestimate recharge if 
chloride is derived from non-precipita-
tion chloride. 

Water levels in wells and base flow 
discharges show no direct responses 
with precipitation amounts, suggesting 
that recharge into the aquifer is delayed 



2                     Texas Water Development Board Report 375

due to the presence of clay in or above 
the alluvium, as documented by recent 
geophysical investigations. 

From a combined use of surface water 
connections, water chemistry, isotopic 
composition, and base flow amounts in 
different segments of the Brazos River, we 
suggest that the source water for Moehl-
man Slough and Korthauer Bottom dif-
fers from Horseshoe Lake. The frequency 
and duration of surface connections of 
the oxbow lakes with the river in combi-
nation with characteristic chemical and 
isotopic compositions suggest that the 
water in Moelhman Slough and Korthau-
er Bottom originated during flood events. 

In contrast, base flow from the alluvial 
aquifer is the dominant source of water 
for Horseshoe Lake. Water in Horseshoe 
Lake has experienced extensive evapora-
tion, which is supported by its enriched 
deuterium and oxygen isotopic composi-
tions and only one surface connection to 
the Brazos River over the past 20 years. 
Although chemical composition of the 
water from Horseshoe Lake should be 
more saline due to extensive evaporation, 
it remains surprisingly fresher than all 
other water. This difference in chemical 
composition could possibly be attributed 
to biologically mediated filtering of the 
ions and/or geochemical reactions.
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1 Introduction

Oxbow lakes are important for main-
taining diverse aquatic flora and 

fauna populations in river ecosystems. 
Formed from lateral stream erosion and 
subsequent changes in the course of a 
stream, these abandoned stream chan-
nels become lakes filled with stagnant 
water. During flood events, some of 
these lakes connect temporarily to the 
main channel. The degree of connec-
tivity of the lakes to the main channel 
can have a significant bearing on diver-
sity of the aquatic biota (Van Den Brink 
and others, 1996; Winemiller and oth-
ers, 2004). 

Numerous oxbow lakes occur along 
the Brazos River in Texas. This study 
focuses on three—Moelhman Slough, 
Korthauer Bottom, and Horseshoe 
Lake—located in the lower Brazos River 
Basin near Bryan and Hempstead (Fig-
ure 1-1).

Originating in New Mexico near the 
Texas border, the Brazos River flows 
southeast over various climate condi-
tions and large expanses of sandstone, 
clay, limestone, and alluvium into the 
Gulf of Mexico (Figure 1-2). The Brazos 
River Basin crosses numerous outcrops 
that contribute to streamflow in the 
main channel. The river flows over the 
exposed bedrocks of Permian to Qua-
ternary age sediments that crop out 
in bands parallel to the coast and dip 
toward the Gulf of Mexico. The exposed 
Cretaceous rocks are composed mainly 
of limestone, marl, and shale and locally 
form important aquifers. The Permian 
to Quaternary age rocks composed 
of sandstone, shale, and clay host the 
Trinity, Carrizo-Wilcox, Queen City, 
Sparta, and Gulf Coast aquifers in the 
lower portion of the Brazos River Basin 
(Figure 1-3). The Brazos River Alluvium 
Aquifer locally thickens to about 130 feet 
(Shah and others, 2007a) and serves as 
an important water supply source for 

irrigation purposes. The Brazos River is 
hydraulically connected to all the adjoin-
ing aquifers where it crosses them (Ryder, 
1996).

This study formed part of a larg-
er investigation to assess impacts on 
instream aquatic habitats and salinity 
migration in the Brazos River estuary 
from the proposed construction of the 
Allen’s Creek Reservoir (Osting and oth-
ers, 2004a, b). The proposed reservoir 
is to be built by impounding one of the 
tributaries of the Brazos River to help 
Houston and other coastal basin areas 
with their long-term water needs (Osting 
and others, 2004a, b). When completed, 
the proposed reservoir will supply an 
additional 92,000 acre-feet of water 
annually. 

The focus of this investigation was 
to determine sources of the water in the 
oxbow lakes. To determine those sources 
and better understand hydraulic inter-
action between the oxbow lakes, the 
aquifers, and the river, we established 
surface connection history between the 
oxbow lakes and the Brazos River. We 
also sampled for chemical and isotopic 
constituents from the three oxbow lakes, 
surface water from the main channel of 
the Brazos River adjacent to the oxbow 
lakes, and groundwater from the alluvial 
aquifer and the aquifers beneath the allu-
vium near the oxbow lakes. We evaluated 
water level information from the alluvial 
aquifer to establish groundwater flow 
directions to and from the Brazos River. 
We examined historical rainfall distribu-
tion characteristics in several area weath-
er stations and explored the relationship 
between rainfall and water levels in wells 
completed in the Brazos River Alluvium 
Aquifer. We also estimated recharge rates 
into the Brazos River Alluvium Aquifer 
using base flow analyses and the chloride 
mass balance method. 

This report describes the study 
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Figure 1-1. Location of the study area relative to major cities, lakes, reservoirs, and streamflow gaging stations 
near Bryan and Hempstead. 

methods used, characteristics of the 
Brazos River and oxbow lakes, and the 
hydrogeologic setting that hydraulically        

connects the aquifer, river, and lakes. It 
also presents the results and conclusions 
of our analyses.
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Figure 1-2. Map of the watersheds in the Brazos River Basin in Texas. 

connects the aquifer, river, and lakes. It 
also presents the results and conclusions 
of our analyses.
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2 Analytical methods
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Figure 1-3. Location and extent of the oxbow lakes, Brazos River Alluvium Aquifer, and the major aquifers in the study area.                      
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We analyzed historical rainfall data 
from nine weather stations locat-

ed across the lower Brazos River Basin 
(Figures 2-1, 2-2, and 2-3). We also ana-
lyzed historical rain water composition 
data for two National Trends Network 
sites located in Colorado and Wise 
counties.

The three oxbow lakes we sampled 
were (1) Moelhman Slough, (2) Korthau-
er Bottom, and (3) Horseshoe Lake. We 
collected three water samples from each 
lake to examine general chemistry, deu-
terium, oxygen, and sulfur isotopes. Of 
the three samples, two were collected 
near opposite banks of each lake, and 
the other was collected from the middle, 
deeper portion of each lake. We also col-
lected three water samples from the main 
channel of the Brazos River adjacent to 
the lakes. In addition, we used data pro-
vided by the Brazos River Authority to 
examine historical water compositions 
from three other sites on the main chan-
nel of the Brazos River (Figure 2-4 and 
Appendix 1). 

We also examined chemical compo-
sitions of groundwater near the lakes. 
We collected 12 groundwater samples 
to analyze general chemistry and deute-
rium, oxygen, and sulfur isotopes (Fig-
ure 2-5). We analyzed additional water 
composition data for the Brazos River 
Alluvium Aquifer wells from the Texas 
Water Development Board’s (TWDB) 
groundwater database (Figures 2-6, 2-7, 
2-8, 2-9, 2-10, and 2-11). Because we did 
not have many wells adjacent to the 
lakes, we assumed that the groundwa-
ter we sampled at some distance from 
the oxbow lakes was chemically similar 
to base flow discharged to the Brazos 
River and the oxbow lakes. We also ana-
lyzed water level information for the Bra-
zos River Alluvium Aquifer wells from 
TWDB’s groundwater database. 

The Lower Colorado River Author-
ity’s Environmental Laboratory analyzed 
all groundwater and surface water sam-
ples by Ion Chromatography-Mass Spec-
trometry for chemical parameters. The 
Coastal Sciences Laboratory in Austin, 
Texas, analyzed oxygen (d18O), deuteri-
um (d2H), and sulfur-34 (d34S). Isotopes 
for d18O were analyzed on a VG Micro-
mass SIRA Series II mass spectrometer 
using the CO2 equilibration method 
(Epstein and Mayeda, 1953). Sulfur-34 
(d34S) was analyzed by extracting SO2 
from the settled BaSO4 using a mass 
spectrometer VG Model 10, Series II.

To determine surface water connec-
tion between the oxbow lakes and the 
Brazos River, we established the control 
point elevation of the lakes, which is 
the water surface elevation that allows 
water exchanges to occur between the 
lakes and the Brazos River. The control 
point elevation is generally the highest 
elevation of the land surface within the 
infilled original (now dry) Brazos River 
channel connecting the current river 
channel to the lake. A relationship was 
developed between the control point and 
the historical stream records, changes in 
water level elevation between the near-
est available river gage, and water sur-
face in the river near the control point 
(Osting and others, 2004a). The water 
surface elevation at the oxbow (OWSE) 
is obtained by

 OWSE = GWSE + S × X . (1)

In the equation, GWSE is the water 
surface elevation at the gage, S is the 
river water surface slope, and X is the 
distance along the river between the 
streamflow gaging station and the oxbow 
lake. A survey-grade global positioning 
system was used to measure the river 
slope in the vicinity of each oxbow lake, 
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and the distances downstream from the 
streamflow gaging stations were mea-
sured from digital orthophoto quadran-
gles (DOQs) using ArcGIS. A pressure 
transducer was installed to measure the 
fluctuations in water levels within the 
largest lake, Moelhman Slough, from 
October 11, 2003, through September 
9, 2004 (Osting and others, 2004a). The 
measured Moelhman Slough water levels 
were used to validate usage of Equation 1 
for the other Brazos River oxbow lakes 
in this study.

We also evaluated base flow informa-
tion from historical streamflow records 
for two U.S. Geological Survey stream-
flow gaging stations (08108700 and 
08111500) located on the main channel 
of the lower Brazos River (Figure 1-1). 
To determine the base flow component, 
we separated streamflow hydrographs 
using an automated digital filter (Nathan 
and MacMahon, 1990; Arnold and oth-
ers, 1995). 

This recursive digital filter technique 
was originally used in signal analysis and 
processing (Lyne and Hollick, 1979) and 
has no true physical basis. It is, however, 
objective and reproducible for continu-
ous base flow separation (Nathan and 
McMahon, 1990). In contrast, manual 
separation of a streamflow hydrograph 
into surface runoff and groundwater flow 
is difficult and inexact, with results that 
are often not reproducible by investiga-
tors (White and Sloto, 1990). 

Filtering surface runoff (high fre-
quency signals) from base flow is analo-
gous to filtering high frequency signals 
in signal analysis and processing. The 
equation of the filter is 

qt=β qt-1  + (1+β)/2 × (Qt - Qt-1) ,      (2)

where qt is filtered surface runoff (quick 
response) at t time step, β is the original 

filter parameter, and Qt is the original 
streamflow. Base flow, bt , is calculated 
with the equation

                    bt = Qt – qt .                       (3)

We compared hydrographs of esti-
mated base flow to rainfall events to 
determine responses of the aquifer mate-
rials to rainfall prior to its discharge to 
the river. We also compared trends in the 
historical rainfall record to long-term 
changes in the water levels in the Brazos 
River Alluvium Aquifer wells. 

To estimate recharge rates, we used 
the chloride mass balance approach 
(Allison and Hughes, 1978; Scanlon, 1991, 
2000; Scanlon and others, 2002; Philips, 
1994). The mass of chloride into the sys-
tem (precipitation and dry fall out, P) 
times the chloride in precipitation (Cp) 
is balanced by the mass out of the sys-
tem (drainage, D) times the chloride con-
centration in the drainage water in the 
unsaturated zone (Cuz) (Scanlon and oth-
ers, 2002). If surface runoff is assumed 
to be zero, then

        PCp = DCuz .                     (4)

Similarly, recharge rates can be deter-
mined using chloride in the precipitation, 
precipitation amount, and groundwater 
chloride, assuming that most of the chlo-
ride in groundwater is essentially derived 
from precipitation, using the following 
equation: 

      R = P×Clp/Clgw ,                 (5)

where R=regional historical recharge 
rate, P = amount of precipitation, 
Clp=chloride concentration in precipi-
tation, and Clgw=chloride concentration 
in groundwater. 
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filter parameter, and Qt is the original 
streamflow. Base flow, bt , is calculated 
with the equation

                    bt = Qt – qt .                       (3)

We compared hydrographs of esti-
mated base flow to rainfall events to 
determine responses of the aquifer mate-
rials to rainfall prior to its discharge to 
the river. We also compared trends in the 
historical rainfall record to long-term 
changes in the water levels in the Brazos 
River Alluvium Aquifer wells. 

To estimate recharge rates, we used 
the chloride mass balance approach 
(Allison and Hughes, 1978; Scanlon, 1991, 
2000; Scanlon and others, 2002; Philips, 
1994). The mass of chloride into the sys-
tem (precipitation and dry fall out, P) 
times the chloride in precipitation (Cp) 
is balanced by the mass out of the sys-
tem (drainage, D) times the chloride con-
centration in the drainage water in the 
unsaturated zone (Cuz) (Scanlon and oth-
ers, 2002). If surface runoff is assumed 
to be zero, then

        PCp = DCuz .                     (4)

Similarly, recharge rates can be deter-
mined using chloride in the precipitation, 
precipitation amount, and groundwater 
chloride, assuming that most of the chlo-
ride in groundwater is essentially derived 
from precipitation, using the following 
equation: 

      R = P×Clp/Clgw ,                 (5)

where R=regional historical recharge 
rate, P = amount of precipitation, 
Clp=chloride concentration in precipi-
tation, and Clgw=chloride concentration 
in groundwater. 
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Figure 2-1. Historical annual precipitation for weather stations (a) Brazos, (b) Burleson 2SSW, and (c) Aquilla 2E.
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Figure 2-2. Historical annual precipitation for weather stations (a) Hempstead, (b) Waller 3SSW, and (c) Katy Wolf Hill.
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Figure 2-3. Historical annual precipitation for weather stations (a) Hewitt, (b) College Station, and (c) College Station 
Federal Aviation Administration.
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Figure 2-4. Map of the Brazos River sample sites. 
SH = State Highway; FM = Farm to Market
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Figure 2-5. Map of well locations selected for isotope analyses.
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Figure 2-6. Map showing total dissolved solids concentrations in the Brazos River Alluvium Aquifer.
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Figure 2-7. Map showing sodium concentrations in the Brazos River Alluvium Aquifer.
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Figure 2-8. Map showing chloride concentrations in the Brazos River Alluvium Aquifer.
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Figure 2-9. Map showing sulfate concentrations in the Brazos River Alluvium Aquifer.
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Figure 2-10. Map showing nitrate concentrations in the Brazos River Alluvium Aquifer.
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Figure 2-11. Map showing boron concentrations in the Brazos River Alluvium Aquifer. 
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3 Description of the Brazos River and oxbow lakes

The headwaters of the Brazos River are 
at the foot of the south plains near 

the Texas-New Mexico border. The riv-
er rises at the confluence of its Salt Fork 
and Double Mountain Fork and runs 
840 miles across Texas to its mouth on 
the Gulf of Mexico, two miles south of 
Freeport in Brazoria County (Hendrick-
son, 2001). The two forks emerge from 
the Caprock 150 miles above the conflu-
ence, thus forming a continuous water-
shed 1,050 miles long, which extends 
from New Mexico to the Gulf of Mex-
ico and comprises 44,620 square miles, 
42,000 of which are in Texas. It is the 
third longest river in Texas and has the 
greatest discharge (Hendrickson, 2001). 
The Brazos River Basin can be divided 
into 14 major sub-watersheds, includ-
ing the Caprock, the Double Mountain 
Fork/Salt Fork of the Brazos, the Clear 
Fork of the Brazos, the Upper Brazos 
River, the Bosque River, the Leon River, 
the Lampasas River, the Aquilla River, 
the Navasota River, the Central Brazos 
River, the Little River, the Yegua Creek, 
the Lower Brazos River, and the Upper 
Oyster Creek watersheds (Figure 1-2).

The Brazos River flows through a 
semiarid region near the border with New 
Mexico. Precipitation in this area is either 
absorbed by area soils or is contained in 
the hundreds of playa lakes. Due to low 
precipitation and chronic low-flow con-
ditions, this region is generally not a con-
tributing source of flow for the remainder 
of the Brazos River Basin (Brazos River 
Authority, 2005). The basin spans three 
climatological zones, with average annual 
precipitation varying from 15 to 25 inches 
per year in the northern part and 45 to 50 
inches per year in the southern part of the 
basin. Topography ranges from just over 
4,385 feet above sea level in the northern 
part of the basin to near sea level at the 
confluence with the Gulf of Mexico (Bra-
zos River Authority, 2005).

 Numerous flood control and water 
supply reservoirs located mainly in the 
upstream areas of the Brazos River Basin 
potentially change the natural hydrologic 
flow system. However, the flow regime 
in the lower portion of the Brazos River 
Basin remains similar to the histori-
cal flow primarily because the nearest 
on-channel reservoir, Lake Whitney, is 
located several hundred miles upstream 
(Osting and others, 2004b). 

The lower Brazos River is charac-
terized as an incised, sand bed channel 
that meanders through the Holocene and 
Pleistocene deposits of the Gulf Coastal 
Plain. Like any typical meandering allu-
vial channel, river flow erodes cohesive 
materials on the concave side (outer 
bend) of the river and deposits sandy and 
silty materials on the convex side (inner 
bend) of each bend (Osting and others, 
2004b) (Figure 3-1). The slope of the river 
in the lower basin is about 0.7 feet per 
mile (Dunn and Raines, 2001).

Moelhman Slough is located about 
1.4 miles downstream from the U.S. Geo-
logical Survey streamflow gaging station 
08108700 near Bryan. The slough formed 
in the 1920s when it was 8 feet deep. Pres-
ently, it is 4 feet deep when not connected 
to the Brazos River. During flood events, 
significant quantities of water may not 
reach the slough until the water in the 
Brazos River has begun flowing through 
the main channel. Moelhman Slough is 
located in the outcrop areas of the Car-
rizo-Wilcox Aquifer. 

Korthauer Bottom is located about 
10.5 miles downstream of the U.S. Geo-
logical Survey streamflow gaging sta-
tion 08111500 on the Brazos River near 
Hempstead. The lake is located in the 
outcrop areas of the Gulf Coast Aquifer. 
The majority of connections to the Bra-
zos River occur during the spring. 

Horseshoe Lake is located about 
15.8 river miles downstream of the U.S.  
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Geological Survey streamflow gaging sta-
tion 08111500 on the Brazos River near 
Hempstead. The lake is located in the 
outcrop areas of the Gulf Coast Aquifer 

Figure 3-1. Sketch of a meandering channel (A) that shows formation of an oxbow lake as erosion eats 
through a meander neck forcing a cutoff from the main channel and areas of erosion and deposition 
along the banks of the main channel (B).

on a plateau and rarely connects to the 
Brazos River (Osting and others, 2004a). 
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4 Hydrogeologic setting

We describe geology, hydraulic 
properties of the aquifer materials, 

groundwater recharge characteristics, 
water quality, and regional groundwater 
flow direction in the following section. 

4.1  
geology, hydrauliC 
properTies, reCharge,  
and waTer qualiTy
The Brazos River Alluvium Aquifer hosts 
large quantities of groundwater along 
the river between northern McLennan 
and central Fort Bend counties in Texas. 
The floodplain alluvium consists pre-
dominantly of gravel and fine to coarse 
sand, with lesser amounts of clay and 
silt. Generally, fine-grained sediments 
occur at the top, and coarser-grained 
sediments occur at the base of the unit. 
Maximum thickness of the alluvium is 
about 100 feet, with an average thick-
ness of about 45 feet (Ryder, 1996). The 
thickness of the alluvium increases 
downstream (Ryder, 1996). It is thin in 
McLennan and Falls counties and thick-
er along the east than the west side of the 
river (Shah and others, 2007a). Locally, 
the alluvium may be as much as 130 feet 
thick in Fort Bend County, but in several 
areas along the Brazos River the alluvi-
um is as thin as 20 feet (Shah and oth-
ers, 2007a). The width of the alluvium 
across the river valley varies from about 
1 mile in the upstream region to about 8 
miles in the downstream areas. Ground-
water from the alluvial aquifer is primar-
ily used for irrigation. 

The alluvial deposits are of Quater-
nary age and overlie rocks that range in 
age from Permian to Quaternary. The 
underlying rocks dip toward the Gulf of 
Mexico and contain several major aqui-
fers that crop out parallel to the coast: 
the Queen City, Sparta, Carrizo-Wilcox, 
and Gulf Coast aquifers. 

Hydraulic properties of the aquifer 
materials in the alluvium are highly 
variable, with permeability values deter-
mined in the laboratory, ranging from 
0.0001 to 2,406 feet per day. The lower 
values represent clay, and the higher val-
ues represent gravel (Cronin and Wil-
son, 1967). Transmissivity measurements 
range from about 1,000 to 28,000 square 
feet per day (average 5,600 feet squared 
per day) based on 351 specific capacity 
measurements. Specific yield measure-
ments range from 4 to 35 percent, with 
an average of 24 percent (Cronin and 
Wilson, 1967). To simulate water levels in 
the central Carrizo-Wilcox groundwater 
availability model, Dutton and others 
(2003) used a hydraulic conductivity of 
20 feet per day for the alluvium. More 
recently, Shah and others (2007a) com-
piled hydraulic conductivity and specif-
ic capacity information for the Brazos 
River Alluvium Aquifer. They observed 
that hydraulic conductivity ranges from 
about 180 to 447 feet per day based on 7 
measurements. Specific capacity values 
range from less than 1 to 1,460 gallons per 
day per foot based on 358 measurements. 
Transmissivity of the aquifer ranges from 
289 to about 24,000 square feet per day 
(Shah and others, 2007a). 

Recharge to the alluvial aquifer is 
mainly derived from precipitation that 
falls on the floodplain and alluvial ter-
races. Estimates of recharge range from 2 
to 5 inches per year (Cronin and Wilson, 
1967). Cronin and Wilson (1967) estimat-
ed recharge by determining differences 
in groundwater flow between upstream 
and downstream sections of the satu-
rated alluvium between two successive 
flow lines, which they assumed equal to 
the infiltration from precipitation. How-
ever, groundwater flow modeling studies 
report much lower recharge rates of 0.3 
to 0.4 inches per year (Dutton and others, 
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2003). Rainfall in the area ranges from 
32 to 43 inches per year, and the allu-
vium in some areas is readily recharged 
under normal conditions. The average 
annual rate of recharge is estimated at 
about 155,000 acre-feet per year for a 
five-year period (1957 to 1961) (Cronin 
and Wilson, 1967). 

Water in the Brazos River Alluvium 
Aquifer is generally fresh, with most of 
the water containing total dissolved sol-
ids of less than 1,000 milligrams per liter 
(Figure 2-6). Higher salinity groundwater 
containing dissolved solids in excess of 
1,500 milligrams per liter occurs from 
Marlin to Bryan (Figure 2-7). High 
chloride and sulfate also occur locally 
throughout the alluvium (Figures 2-8 and 
2-9). Most of the groundwater has less 
than 10 milligrams per liter in nitrate 
concentrations (Figure 2-10). However, 
nitrate as high as 300 milligrams per liter 
occurs in the aquifer along the McLen-
nan and Falls County line. Boron concen-
trations range from 10 to 2,000 micro-
grams per liter in the aquifer, with the 
highest concentrations occurring near 
Bryan (Figure 2-11). 

4.2  
waTer levels and 
groundwaTer flow
Using data sets from TWDB’s ground-
water database, we compiled water level 
measurements and constructed water 
level maps for the Brazos River Allu-
vium Aquifer. We included water level 
measurements from 1960 through 2000. 
If multiple measurements were available, 
we included the measurement closest 
to winter to offset pumping effects on 
water levels. 

Water levels in the area generally fol-
low the topography, with higher water lev-
els occurring at higher ground elevations 
and lower water levels at lower ground 
elevations. Although the Brazos River 
Alluvium Aquifer is mainly unconfined, 
artesian conditions are present where 
there are extensive clay lenses. The depth 
to the water table in the aquifer ranges 

from near land surface to 60 feet below 
the land surface (Figure 4-1). Near the 
oxbow lakes, the water table in the aqui-
fer lies at depths of 30 to 45 feet. 

Water level elevations in the Brazos 
River Alluvium Aquifer range from 230 
feet in Burleson County to 110 feet in 
Waller County. The aquifer’s water levels 
generally lie above the river stage, and 
water from the aquifer discharges into the 
river as base flow under normal hydro-
logic conditions. However, during high-
water stages in the river, the gradient is 
temporarily reversed locally over small 
areas adjacent to the stream, and water 
from the river infiltrates into the aquifer. 
Locally, lowering of the artesian pressure 
in the Carrizo-Wilcox, Queen City, and 
Sparta aquifers has caused a downward 
flow of the groundwater from the allu-
vium (Cronin and Wilson, 1967).

Water levels in the alluvium slope 
toward the river with a hydraulic gradi-
ent of 3 × 10-4 to 9 × 10-4 (Figure 4-2). 
Hydrographs from several wells show 
no long-term changes in the water levels 
(Figures 4-3 and 4-4). Although a few 
wells show responses in water levels 
that mimic precipitation events, oth-
ers only show changes in water levels 
due to pumping. Significant changes in 
water levels (30 to 40 feet) over short 
periods of time were observed in a few 
wells, presumably caused by pumping, 
as irrigation wells are extensively used in 
the summer in Falls, Robertson, Brazos, 
and Burleson counties.

Water levels in the Gulf Coast, Queen 
City, and Sparta aquifers that lie beneath 
the Brazos River Alluvium follow the 
topographic gradient and discharge 
near the Brazos River. In many areas, 
the Brazos River Alluvium is very thin 
(Cronin and Wilson, 1967; Shah and oth-
ers, 2007a), which would allow direct 
upward discharges from the aquifers to 
the ground surface. For example, ground-
water moves from the upland areas in 
the outcrop areas of the Carrizo-Wilcox 
Aquifer toward the river bottomlands 
(Dutton and others, 2003). 
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Figure 4-1. Map of water levels expressed as depth below ground surface (includes water level measurements from 1960 to 2000).
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Figure 4-3. Hydrographs of water levels from the Brazos River Alluvium Aquifer wells.
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Figure 4-4. Hydrographs of water levels from the Brazos River Alluvium Aquifer wells.
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5 Results

In this section, we report (1) histori-
cal measurements of surface water 

connections between the oxbow lakes 
and the Brazos River, (2) estimates of 
groundwater recharge using base flow 
analyses and chloride mass balance 
method, and (3) water chemistry data 
used to establish possible hydraulic 
connections between the oxbow lakes, 
Brazos River, and the adjacent aquifers.

5.1  
surfaCe waTer ConneCTiviTy
Measurements from pressure trans-
ducers suggest that Moelhman Slough 
was connected to the Brazos River on 
three occasions from December 2003 
through September 2004 (Figures 
5-1 and 5-2). Analyses of streamflow 
records from 1934 to 2004 suggest that 
Moelhman Slough would have been fre-
quently connected to the Brazos River, 
particularly over the last 20 years, with 
each connection lasting an average of 
four days (Osting and others, 2004a). 
This analysis assumes no historical 
change to the control point elevation 
(the water level at which river water 
spills into the oxbow lake) over the 
period of this analysis. The natural pro-
gression of sedimentation processes are 
toward complete infill of each oxbow, 
which causes the connection elevation 
to rise over time. As a result, the actual 
number and duration of historical con-
nections are uncertain. The validity of 
this assumption was not addressed in 
this project.

Analyses of historical streamflow 
records from 1938 to 2004 indicate 
Korthauer Bottom would have been con-
nected to the Brazos River much more 
frequently than was Moelhman Slough, 
with each connection lasting an average 
of eight days (Figure 5-3), given unchang-
ing connection levels (Osting and others, 

2004a). Most connections would have 
occurred from March through May. 

Horseshoe Lake would have had the 
fewest connections with the Brazos River 
for the historical record of 1938 to 2004 
(Figure 5-4). Over the entire period, only 
five connections would have occurred, 
with most probably occurring before 
1970. 

5.2  
esTimaTed base flow, 
reCharge, and groundwaTer 
flow veloCiTy
Base flow is the amount of water that 
discharges from the shallow parts of an 
aquifer into a stream. Determining the 
amount of base flow in a stream is useful 
in estimating recharge, basin evapotrans-
piration, and aquifer storage parameters, 
such as storage coefficient, diffusivity, 
and transmissivity (Arnold and others, 
1995). We separated base flow values 
from streamflow for two gages on the 
Brazos River using an automatic digital 
filter (Arnold and others, 1995).

Base flow values derived from using 
the digital filter range from 125 to 12,107 
cubic feet per second for streamflow gag-
ing station 08108700, with an average of 
1,601 cubic feet per second (Table 5-1 and 
Figure 5-5). For gaging station 08111500, 
base flow ranges from 62 to 24,535 cubic 
feet per second, with an average of 2,397 
cubic feet per second (Table 5-1 and Fig-
ure 5-6). Only the low-flow values esti-
mated from this analysis show a better 
match with the base flow values reported 
by Cronin and Wilson (1967). Using man-
ual hydrograph separation techniques, 
Cronin and Wilson (1967) reported a base 
flow value of 46 cubic feet per second, or 
about 0.38 cubic feet per second per mile, 
between Waco and Bryan and 46 cubic 
feet per second, or 0.55 cubic feet per sec-
ond per mile, between Marlin and Bryan. 
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Figure 5-1. Water surface elevations of the Brazos River and Moelhman Slough as measured by U.S. 
Geological Survey streamflow gaging station 08108700 and temporary pressure transducers installed 
near the slough (December 2003 through September 2004). 
WSE=water surface elevation

We estimated recharge for each 
drainage area using results from base 
flow analyses. The drainage area for 
gages 8108700 and 8111500 is estimat-
ed at 29,843 and 34,314 square miles, 
respectively. By assigning the base flow 
amount to the drainage areas, we esti-
mate that the recharge amount for the 
drainage areas ranges from 0.02 to 9.7 
inches per year (Table 5-1). We assumed 
that recharge equals base flow, which is 
not necessarily true, because pumpage, 
evapotranspiration, and groundwater 
flow to the deeper parts of the aqui-
fers may affect base flow determination 
(Scanlon and others, 2002). Recharge 
values from our study, however, are 
similar to previously published values 
for the Brazos River Alluvium Aquifer 
(Cronin and Wilson, 1967; Dutton and 

others, 2003). For example, Cronin and 
Wilson (1967) estimated recharge that 
ranges from 1.8 to 5.3 inches per year, 
with an average of 3 inches per year for 
Falls, Robertson, and Burleson counties. 
They contended that recharge values 
may have been overestimated because 
irrigation return flow was included in the 
recharge calculation. Dutton and others 
(2003) estimated a much lower recharge 
value of 0.3 to 0.4 inches per year for the 
Brazos River Alluvium, using estimates 
of annual precipitation and soil perme-
ability for modeling the central part of 
the Carrizo-Wilcox Aquifer. 

When we compare mean monthly 
base flow data from 1938 to 2006 to the 
rainfall amount recorded at a nearby 
weather station, we observe no distinct 
relationship between them (Figure 5-7). 
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Figure 5-2. Histogram showing annual connections between the Brazos River and Moelhman Slough 
based on streamflow data from 1934 to 2004. Data before 1993 is approximate. 
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Figure 5-3. Histogram showing annual connections between the Brazos River and Korthauer Bottom 
based on streamflow data from 1938 to 2004. Data before 1995 is approximate. 
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Figure 5-4. Histogram showing annual connections between the Brazos River and Horseshoe Lake based 
on streamflow data from 1940 to 2000. Data before 1995 is approximate. 

Table 5-1. Estimated recharge from selected streamflow gaging stations and previous studies. 

Year

Base flow (cfs) Recharge (in/yr)

Method SourceMin. Max. Avg. Min. Max. Avg.

1994–2004a  125 12,107 1,601 0.06 5.57 0.74 Digital base 
flow separation This study

1934–1998b 62 24,535 2,397 0.02 9.70 0.95 Digital base 
flow separation This study

0.11 3.39 0.33 Chloride mass 
balance This study

1957–1961 1.80 5.30 3.50 Flow between 
lines

Cronin and Wilson 
(1967)

0.30 0.40 0.35 Groundwater 
model

Dutton and others 
(2003)

aBase flow estimates for streamgage 8108700 near Bryan 
bBase flow estimates for streamgage 8111500 near Hempstead
cfs=cubic feet per second; in/yr=inches per year; Min.=minimum; Max.=maximum; Avg.=average
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Figure 5-5. Measured streamflow and estimated base flow hydrograph for streamflow gaging station 
08108700 near Bryan. 
USGS=U.S. Geological Survey

For example, in part of the historical 
record (1) peaks in maximum base flow 
either show a substantial offset with the 
peaks of the maximum rainfall or (2) base 
flow appears subdued when the rainfall 
record shows considerable precipitation. 
Therefore, base flow discharges may be 
affected by areas of clay lenses that retard 
rapid recharge. The development of base 
flow and/or bank storage may release 
substantial discharge when there is no 
record for adequate precipitation. 

In an unconsolidated, transmissive 
aquifer in hydraulic connection with the 
land surface, rain water readily infiltrates 
into and moves across the aquifer. In such 
aquifers, rainfall and water levels show a 
direct correlation, provided pumpage is 
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insignificant. To evaluate any relation-
ship that might exist between rainfall 
and aquifer water levels, we compared 
rainfall records with aquifer water levels 
from selected wells. Long-term trends 
in water level changes show responses 
to local precipitation in some wells, but 
no immediate responses are produced 
in water levels from short-term changes 
in precipitation. In other words, long-
term records for years with high rainfall 
record show high water levels, and years 
with low rainfall records show low water 
levels (Figure 5-8). This suggests that 
there is a large time lag between rain-
fall events and arrival of the recharge 
water in the aquifer. Although pumping 
of the aquifer can also alter the baseline 



Texas Water Development Board Report 375                     33

For example, in part of the historical 
record (1) peaks in maximum base flow 
either show a substantial offset with the 
peaks of the maximum rainfall or (2) base 
flow appears subdued when the rainfall 
record shows considerable precipitation. 
Therefore, base flow discharges may be 
affected by areas of clay lenses that retard 
rapid recharge. The development of base 
flow and/or bank storage may release 
substantial discharge when there is no 
record for adequate precipitation. 

In an unconsolidated, transmissive 
aquifer in hydraulic connection with the 
land surface, rain water readily infiltrates 
into and moves across the aquifer. In such 
aquifers, rainfall and water levels show a 
direct correlation, provided pumpage is 
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Figure 5-6. Measured streamflow and estimated base flow hydrograph for streamflow gaging station 
08111500 near Hempstead. 
USGS=U.S. Geological Survey

Figure 5-7. Relationship between mean monthly base flow and rainfall. 
cfs=cubic feet per second; in=inches; USGS=U.S. Geological Survey
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water levels developed by precipita-
tion recharge, this is unlikely given low 
pumpage along with the low recharge 
potential and hydraulic conductivity of 
the fine-grained alluvium. 

In addition, we estimated recharge 
into the Brazos River Alluvium Aquifer 
using the chloride mass balance meth-
od (Scanlon and others, 2002), which 
includes precipitation amount, chlo-
ride in precipitation, and chloride in 
the groundwater (Table 5-2). However, 
if chloride in the groundwater is not 
directly derived from precipitation or 
is changed by soil processes or chemical 
reactions in the aquifer materials, then 
estimated recharge results may also be 
equally affected.

We estimate that recharge into the 
Brazos River Alluvium Aquifer ranges 
from 0.11 to 3.39 inches per year, with an 
average recharge of about 0.33 inches per 
year. These values are in general agree-
ment with the recharge estimated from 
base flow and modeling studies.

We estimated average groundwa-
ter flow velocity in the alluvium using 
reported hydraulic conductivity and 
porosity and Darcy’s Law with the fol-
lowing equation:

                       V = Ki/n,                        (6)

where K is hydraulic conductivity (feet per 
day), i is hydraulic gradient, n is porosity, 
and V is groundwater flow velocity. Using 
an average hydraulic conductivity of 20 
feet per day, hydraulic gradients of 3 × 
10-4 to 9 × 10-4, and an average porosity 

PI
7.48 p

of 0.24, we estimate that groundwater 
flow velocity ranges from about 9 to 27 
feet per year. However, Cronin and Wil-
son (1967) observed a higher flow veloc-
ity, ranging from 70 to 75 feet per year 
in the Brazos River Alluvium Aquifer, 
using the following equation:  

 v =            v =            ,                   (7)

where v = velocity in feet per day, P = 
permeability in gallons per day per 
square feet, I = slope of the water table 
expressed in feet, and p = porosity in 
percent. They suggested that the flow 
velocity is likely to be variable through-
out the Brazos River Alluvium Aquifer, 
as permeability of the aquifer materials 
and the slope of the water table varies 
spatially. Shah and others (2007a) also 
observed a sharp variability in the spa-
tial distribution of hydraulic conductiv-
ity in the aquifer. They reported that the 
highest and lowest hydraulic conduc-
tivity values could be found at closely 
spaced wells in Burleson County.   

Therefore, given the width of the 
alluvium (1 to 8 miles), the variability 
of aquifer transmissivity, and the slope 
of the water table, some of the recharge 
water from the alluvial aquifer may take 
a long time to discharge into the river 
as base flow. This observation is further 
supported from an absence of a direct 
relationship between rainfall, base flow, 
and water level changes in the aquifer.

Table 5-2. Estimated recharge in the Brazos River Alluvium Aquifer using the chloride mass balance method.

Amount
Precipitation 

amounta
Chloride in precipitation  

(mg/l)
Chloride in groundwaterb 

(mg/l)
Estimated recharge 

(in/yr)
Minimum 34.85 0.66 6 0.11
Maximum 48.72 1.29 375 3.39
Average 40.70 1.15 139 0.33

aPrecipitation amounts estimated from average precipitation record of 1970 to 2000 (Narasimhan and others, 2005).     
Chloride in precipitation was downloaded from the National Atmospheric Water Deposition Web site. 
bChloride data from wells completed in the Brazos River Alluvium Aquifer.
in/yr = inches per year; mg/l = milligrams per liter



5.3  
waTer ChemisTry
Groundwater composition in an aqui-
fer is controlled by residence time of 
the flow system, aquifer mineralogy, 
and the degree of chemical reactions 
between the groundwater and the 
aquifer minerals. In a highly transmis-
sive sand and gravel aquifer, recharge 
infiltrates rapidly and moves quickly 
through the flow system, retaining the 
composition of the rain water. However, 
recharge infiltrates slowly in an aqui-
fer with poor transmissivity, leading to 
slow groundwater movement, a longer 
residence time of groundwater, and 
increased groundwater salinity result-
ing from chemical reactions. In addition, 
when the water table is at or near the 
surface, groundwater salinity increases 
as evapotranspiration removes water. 
Agricultural activities may also affect 
groundwater salinity by the infiltration 
of irrigation return flow, which is com-
monly enriched with dissolved solids 
and nutrients.

Groundwater in the Brazos River 
Alluvium Aquifer appears more saline 
from Marlin to Bryan than in the south-
ern parts of the aquifer where salinity 
progressively decreases. Higher salin-
ity in the groundwater in these areas 
could be caused in part by agricultural 
activities in Falls, Robertson, Brazos, and 
Burleson counties. For example, Cronin 
and Wilson (1967) reported that as much 
as 73,000 acres over the Brazos River 
Alluvium Aquifer were irrigated between 
Whitney Dam and Richmond. However, 
irrigated acreages in most of these coun-
ties have declined over the last several 
years (TWDB, 2001) (Figure 5-9). There-
fore, it is unlikely that agricultural activi-
ties are contributing to the groundwater 
salinity currently observed in the Brazos 
River Alluvium Aquifer. 

Low nitrate levels (Figure 2-10) and 
low boron concentrations (Figure 2-11) 
in the groundwater further support 
that no substantial amount of irrigation 
return flow is reaching the aquifer. This 
is perhaps caused by the presence of clay 

Figure 5-9. Total irrigated acres in the counties along the Brazos River Alluvium Aquifer (data from 
TWDB, 2001). 
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overlying the alluvium, preventing direct 
infiltration of irrigation return flow. The 
occurrence of the clay above the allu-
vium has been recently documented 
through a geophysical study (Shah and 
others, 2007b). However, the extent of 
this clay is not known. 

Boron is one of the most important 
elements in irrigation water, as small 
concentrations of it are essential for 
plant growth. However, at high concen-
trations, boron may be toxic to some 
plants (Cronin and Wilson, 1967). Only 
a few samples had boron in excess of 
2,000 micrograms per liter, which may 
make it unsuitable for irrigation. 

The observed groundwater salinity 
is most likely attributed to evapotrans-
piration caused by a relatively shallow 
water table in the alluvium and chemical 
reactions with the aquifer materials. We 
also conclude that surface water could 
not be the source of groundwater salinity 
because the Brazos River is largely a gain-
ing stream. This means that surface water 
from the river does not flow into the 
aquifer unless hydraulic gradient chang-
es when the river stage sufficiently rises 
during floods. However, during these 
temporal rises in the river stage, surface 
water most likely does not reach the aqui-
fer for the same reason irrigation return 
flow does not: the large expanses of clay 
(Shah and others, 2007b) that overlie the 
Brazos River Alluvium Aquifer. 

A plot of groundwater compositions 
in Piper diagrams suggests that ground-
water in the alluvium is mainly Ca-Mg-
Na-HCO3 type, and groundwater in 
the Queen City, Sparta, and Evangeline 
aquifers that underlie the alluvium is 
mainly Na-HCO3 type (Figure 5-10 and 
Table 5-3). A plot of Na versus Cl shows 
an excess of Na with respect to Cl ions 
in the groundwater from the Queen 
City, Sparta, and Evangeline aquifers in 
contrast to the Brazos River Alluvium 
Aquifer, the river, and the oxbow lake 
water (Figure 5-11). This Na enrichment 
is probably caused by cation exchanges 
because excess Na (Na-Cl) from sources 

other than halite and excess Ca and Mg 
(Ca+Mg–0.5HCO3–SO4) from sources 
other than carbonate and gypsum dis-
solution plot along a line at a 2:1 ratio as 
would be expected in the case of cation 
exchange (Figure 5-12). Increased cat-
ion exchanges between dissolved Ca and 
Na attached on clay surfaces in the sedi-
ments hosting the Queen City, Sparta, 
and Evangeline aquifers are more likely to 
occur due to longer travel time required 
for groundwater to move through the 
thicker sediment sections before their 
discharge to the Brazos River. On the 
other hand, a much thinner, alluvial aqui-
fer holds groundwater in short transit 
and shows no excess Na, suggesting a 
lack of cation exchange. Surface waters 
from the river and the oxbow lakes also 
have no excess Na and plot on the 1:1 line 
in the Na versus Cl plot, which suggests 
a mainly halite source for Na and Cl. 

A plot of (Ca+Mg)/HCO3 versus Cl 
shows a slight increase in the ratio at 
higher Cl, presumably due to precipita-
tion of carbonate minerals because cat-
ions initially occur at a higher ratio than 
HCO3 (Herczeg and Edmunds, 2000) 
(Figure 5-13). A plot of HCO3/Cl ver-
sus Cl shows a progressive decrease in 
the ratio at higher Cl (Figure 5-14), sug-
gesting that carbonates were generated 
early in the evolution and later removed 
during evapotranspiration. A plot of Ca 
and SO4 indicates a slight increase in 
Ca, with an increase in SO4 (Figure 5-15) 
probably due to weathering of calcic-
plagioclases and/or evaporative concen-
tration. Gypsum is not known to occur 
in these aquifer sediments, so the sulfate 
is probably not derived from gypsum 
dissolution.

Surface water from the oxbow lakes 
is mainly Ca-Mg-HCO3 type, but the 
Brazos River water is Na-Ca-HCO3-Cl 
type (Figure 5-16 and Table 5-4, Appen-
dix 1). Salinity decreases downstream 
in the Brazos River, with higher salinity 
observed in the river near Moelhman 
Lake and lower salinity observed near 
Horseshoe Lake (Figures 2-6 and 2-7). 
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Table 5-3. Chemical composition of groundwater selected for isotope analyses.

State well 
number Aquifer

Chemical composition (mg/l)
Ca Mg K Na Cl SO4 HCO3 TDS

5920839 Alluvium 236 48 3 79 98 235 687 1,067
5920913 Alluvium 282 62 4 145 205 376 715 1,455
5920923 Alluvium 101 14 1 37 66 42 304 437
5920928 Alluvium 243 54 3 249 348 415 514 1,607
5963802 Alluvium 86 7 2 40 54 12 295 381
6608111 Alluvium 46 13 3 49 61 7 237 321
6608702 Alluvium 99 13 1 59 94 35 308 493
5964701 Evangeline 56 14 5 80 50 1 376 414
6608103 Evangeline 54 16 134 93 35 394 544
5928208 Queen City 39 10 6 240 104 374 198 885

mg/l=milligrams per liter
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The lake water has the lowest ionic con-
centrations, followed by the river water 
and the groundwater. For example, total 
dissolved solids of the lake water range 
from 21 to 244 milligrams per liter, with 
an average of 172 milligrams per liter (n 
= 15). Total dissolved solids of the river 
water range from about 398 to 572 mil-
ligrams per liter, with an average of 556 
milligrams per liter (n = 3). Total dis-
solved solids of the groundwater in the 
Brazos River Alluvium Aquifer range 

from about 76 to 2,300 milligrams per 
liter, with an average of about 1,000 mil-
ligrams per liter (n = 74). 

Concentrations of Ca, Mg, and 
HCO3 in the lake water also progres-
sively decrease downstream (Moelhman 
Slough to Korthauer Bottom to Horse-
shoe Lake), coinciding with a freshening 
of the Brazos River Alluvium Aquifer 
and the river water downstream. This 
freshening of the river water is probably 
caused by reduced influx of saline water 
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Figure 5-16. Piper plot of surface water from the oxbow lakes and the Brazos River.
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from upstream and greater fresh water 
discharges from the alluvial aquifer.

Water chemistry on a global scale is 
controlled by three main factors: chemistry 
of the rain water, rock weathering, and 
evaporation-induced fractional crystal-
lization (Gibbs, 1970). Gibbs used a plot 
of total dissolved solids as a function of 
Na/(Na+Ca) to show that most surface 
water falls along the two axes in the shape 
of a “boomerang.” Herczeg and Edmunds 
(2000) adopted this to classify ground-
water into three zones: precipitation 
dominated, rock dominated, and evapo-
transpiration dominated. Very dilute river 
water is dominated by rainfall composi-
tion with higher amounts of Na relative to 
Ca, which plots on the lower right of the 
diagram. Because water-rock interaction 
is widespread in groundwater, groundwa-
ter acquires more solutes from the soil 
zone and aquifer material, generating 

Table 5-4. Chemical composition of surface water from the study area.

Site locations
Sample 
number

Chemical composition (mg/l)

Ca Mg K Na Cl SO4
aAlkalinity

Horseshoe Lake H-1 16.1 1.82 1.51 1.63 0 0 36
Horseshoe Lake H-2 16.5 1.86 4.25 1.49 0 0 32
Horseshoe Lake H-3 21.3 2.32 5.14 1.45 0 0 38
Horseshoe Lake H-4 10.9 0.92 2.9 1.67 0 0 8
Horseshoe Lake H-5 7.62 1.49 4.5 1.61 0 0 6
Brazos River at 
Horseshoe Lake BR-HL-6 69.6 12.5 4.71 40.6 61 36.8 174

Moelhman Slough M2 43.3 6.83 8.44 13.6 15 6.23 140
Moelhman Slough M6 46.4 6.99 8.33 13.6 15 5.99 148
Moelhman Slough M10 46.1 6.89 8.26 13.5 15 5.86 149
Moelhman Slough M14 46.5 6.96 8.31 13.6 15 5.86 149
Moelhman Slough M18 44.8 7 8.42 13.1 16 6.3 141
Brazos River at 
Moelhman Slough BR-M22 59.8 20.6 5.87 153 209 108 141

Korthauer Bottom KB02 42.4 6.71 6.2 16.7 19 4.82 137
Korthauer Bottom KB06 41 6.65 6.02 16.2 19 4.68 135
Korthauer Bottom KB10 41.8 6.84 6.08 16.5 19 4.69 135
Korthauer Bottom KB14 42.3 6.85 6.22 16.6 19 4.79 135
Korthauer Bottom KB18 42.4 6.88 6.07 16.3 19 4.81 136
Brazos River at 
Korthauer Bottom BR-KB22 66.6 17.6 5.87 104 131 75.3 172

aAlkalinity as bicarbonate (CaCO3); mg/l=milligram per liter

high HCO3 and high Ca relative to Na. 
Groundwater affected by evapotranspi-
ration evolves to higher salinity through 
removal of Ca and HCO3 relative to Na 
and Cl due to precipitation of carbonate 
minerals (Herczeg and Edmunds, 2000). 

Other researchers, however, have 
contended that the Gibbs model pro-
vides only an overly simplistic and gen-
eral framework to represent general 
characteristics of surface water chem-
istry (Kilham, 1990; Eilers and others, 
1992). They concluded that much lake 
water from both the high and low lati-
tudes falls outside the envelope proposed 
by Gibbs (1970) (Kilham, 1990; Eilers 
and others, 1992). Baca and Threlkeld 
(2000) suggested that the bivariate plot 
fails because it does not consider enough 
of the ions. Gibbs (1992) responded to 
the criticism by stating that his model 
fits most of the major drainage systems 
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of the world, with only some deviation 
occurring in minor water systems. Gibbs 
(1992) later expanded the envelope to 
show the fields for minor water systems 
(Figure 5-17).

When we plot the groundwater and 
surface water composition on total dis-
solved solids versus Na/(Na+Ca) axes, 
most of the groundwater and Brazos 
River water falls in the evapotranspi-
ration zone, with a few samples in the 
precipitation-dominated zone. The 
groundwater data plot shows a large 
spread across the zones due to varying 
rates of evapotranspiration caused by 

variations in the depth to water table and 
other chemical reactions noted earlier. 
Brazos River samples show a progressive 
decrease in total dissolved solids and Na/
(Na+Ca) values downstream due to the 
inflow of fresher water from the alluvial 
aquifer (Figure 5-17). 

Water from Moelhman Slough and 
Korthauer Bottom occurs clustered 
together in the precipitation-dominated 
zones. However, water from Horseshoe 
Lake plots in the rock-dominated zone, 
with some values to the lower left of the 
precipitation-dominated zone. Compo-
sitional differences between the lakes are 
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probably caused by a combination of fac-
tors, including lake connection histories 
with the main channel and differences 
in the amount and composition of base 
flow contribution as well as biological 
activity within the lakes. 

 The water composition of the Bra-
zos River changes from the winter to the 
summer (Figure 5-18). In all three sites 
(Brazos River at U.S. 290, Brazos River 
at State Highway 105, and Brazos River 
at Farm to Market 529), sodium, chlo-
ride, sulfate, and specific conductance 
increase in the summer and decrease 
in the winter. For example, salinity 
(expressed as specific conductance) may 
reach a high of 1,400 micro-siemens per 
centimeter in the summer when tem-
perature rises to about 30°C and a low of 
300 micro-siemens per centimeter in the 
winter when temperature falls to about 
5°C. In addition, the salinity of the Brazos 
River water increases upstream from a 
total dissolved solids concentration of 
398 milligrams per liter near Horse-
shoe Lake, 572 milligrams per liter near 
Korthauer Bottom, and 697 milligrams 
per liter near Moelhman Slough. Other 
researchers have also observed a similar 
trend in decreasing salinity downstream, 
with a total dissolved solids concentra-
tion of 896 milligrams per liter below 
Whitney Dam, 703 milligrams per liter 
near Highway 21, and 513 milligrams per 
liter near Richmond (Cronin and Wilson, 
1967). 

We evaluated rain water composition 
data from National Trend Network sites 
TX 10 and TX 56 in Colorado and Wise 
counties, respectively (Figure 5-19). We 
compared rain water composition with 
the groundwater in the Brazos River 
Alluvium Aquifer and surface water in 
the Brazos River and the oxbow lakes. 
Because of stability issues with regard 
to preserving the water samples stored 
for more than a week prior to analy-
ses, HCO3 was not analyzed in the rain 
water from the National Trend Network 
sites. However, given the low pH (4 to 5) 
(Appendix 2) of the rain water, it is likely 
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that HCO3 would only be present in very 
small proportions with H2CO3 repre-
senting dominant carbonate concentra-
tions. Rain water at the two sites is very 
dilute in ionic concentrations (Appendix 
2). Total dissolved solids concentrations 
of the rain water range from 2.5 to 4.3 
milligrams per liter. The rain water from 
the more inland TX 56 site shows rela-
tively higher concentrations of Ca, SO4, 
NH4, and NO3. However, the coastal TX 
10 site has higher concentrations of Na 
and Cl.

5.4  
isoTopiC ComposiTions
Because stable isotopes of deuterium 
(d2H) and oxygen (d18O) partition 
predictably during their evolution in 
a hydrologic cycle, they can provide 
valuable insights into the origins of the 
water. For example, vapor mass trajec-
tories over continents, altitude differ-
ences, and seasonal changes can have 
characteristic effects on groundwater 
isotope values (Clark and Fritz, 1997). 
Similarly, d34S values can reveal the 
sources of sulfate in groundwater.

5.4.1  
Oxygen and deuterium isotopes
Isotopes of d2H and d18O in freshwa-
ter are similar on a global scale and are 
usually expressed in comparison with 
the isotopic composition of ocean water, 
known as the standard mean ocean 
water. This comparison led to the devel-
opment of a global meteoric water line 
defined by this equation (Craig, 1961): 

     d2H = 8d18O + 10‰ (SMOW).      (8)

Thus, how isotope values of water in 
an area are positioned with respect to 
the global meteoric water line reflects 
how the water evolved in the hydrologic 
cycle. 

Our analyses of d2H and d18O iso-
topes indicate that the different groups 
of water samples (groundwater, river 
water, and oxbow lakes) have distinct 
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probably caused by a combination of fac-
tors, including lake connection histories 
with the main channel and differences 
in the amount and composition of base 
flow contribution as well as biological 
activity within the lakes. 

 The water composition of the Bra-
zos River changes from the winter to the 
summer (Figure 5-18). In all three sites 
(Brazos River at U.S. 290, Brazos River 
at State Highway 105, and Brazos River 
at Farm to Market 529), sodium, chlo-
ride, sulfate, and specific conductance 
increase in the summer and decrease 
in the winter. For example, salinity 
(expressed as specific conductance) may 
reach a high of 1,400 micro-siemens per 
centimeter in the summer when tem-
perature rises to about 30°C and a low of 
300 micro-siemens per centimeter in the 
winter when temperature falls to about 
5°C. In addition, the salinity of the Brazos 
River water increases upstream from a 
total dissolved solids concentration of 
398 milligrams per liter near Horse-
shoe Lake, 572 milligrams per liter near 
Korthauer Bottom, and 697 milligrams 
per liter near Moelhman Slough. Other 
researchers have also observed a similar 
trend in decreasing salinity downstream, 
with a total dissolved solids concentra-
tion of 896 milligrams per liter below 
Whitney Dam, 703 milligrams per liter 
near Highway 21, and 513 milligrams per 
liter near Richmond (Cronin and Wilson, 
1967). 

We evaluated rain water composition 
data from National Trend Network sites 
TX 10 and TX 56 in Colorado and Wise 
counties, respectively (Figure 5-19). We 
compared rain water composition with 
the groundwater in the Brazos River 
Alluvium Aquifer and surface water in 
the Brazos River and the oxbow lakes. 
Because of stability issues with regard 
to preserving the water samples stored 
for more than a week prior to analy-
ses, HCO3 was not analyzed in the rain 
water from the National Trend Network 
sites. However, given the low pH (4 to 5) 
(Appendix 2) of the rain water, it is likely 
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Figure 5-18. Brazos River water composition from three sample sites (Brazos River at State Highway 105, U.S. Highway 290, 
and Farm to Market 529).
mg/l=milligrams per liter; uS/cm=micro-siemens per centimeter; degree C=degrees Centigrade
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isotopic compositions (Table 5-5) (Chow-
dhury, 2004). For example, the oxbow 
lake water is enriched in d2H and d18O 
isotopes, with values ranging from –3 to 
+9‰ and +1.6 to + 4.7‰ standard mean 
ocean water, respectively. Horseshoe Lake 
water has a wider range of isotope values 
than water from Moelhman Slough and 
Korthauer Bottom. For example, d2H val-
ues in the lake centers and north and south 
shores vary by about 10‰ standard mean 
ocean water in Horseshoe Lake, whereas 
d2H values within Moelhman Slough and 
Korthauer Bottom water are similar. 

The second set of enriched samples 
are from the Brazos River, with d2H and 
d18O values ranging from -29 to -11‰ 
and -3 to -0.2‰ standard mean ocean 
water, respectively. The river water also 
becomes progressively depleted in isoto-
pic values downstream. For example, the 

river water has d2H and d18O values of 
-11‰ and -0.2‰ near Moelhman Slough, 
-17‰ and -1.9‰ near Korthauer Bottom, 
and -29‰ and -3‰ near Horseshoe Lake. 
Groundwater from the Brazos River Allu-
vium Aquifer has more depleted isotopic 
values than the river and lake water, with 
d2H and d18O values that range from -34 
to -29‰ and -5.2 to -4.5‰, respectively 
(Table 5-5). Groundwater from the Queen 
City, Sparta, and Evangeline aquifers has 
slightly more depleted d18O values than 
the Brazos River Alluvium Aquifer. A 
cross plot of d2H and d18O shows that 
nearly all the isotope values plot below 
the global meteoric water line along a lin-
ear evaporation trend line (Figure 5-20). 
Groundwater from the Brazos River Allu-
vium, Queen City, Sparta, and Evangeline 
aquifers plots at the bottom of this evapo-
rated trend line.  Isotope mass balance 
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Figure 5-19. Piper plot of precipitation weighted mean rain water composition for National Trend 
Network sites in Colorado (TX 10) and Wise counties (TX 56). Because no measurements were made 
on HCO3 concentrations, HCO3 was not included in the plot. 
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Table 5-5. Isotopic compositions of water from the oxbow lakes, Brazos River, and groundwater.

Sample type Sample number Sampling location
d2H ‰  

(SMOW)
d18O ‰  

(SMOW)
d34S ‰  
(CDT)

SO4 
(mg/l)

Moelhman Slough M17 Northern end  
of the lake 2 2.4 1.65 6.3

Moelhman Slough M1 Southern end  
of the lake -2 2.1 1.7 6.23

Moelhman Slough M5 Middle of the lake,  
east shore -1 2.1 2.2 5.99

Moelhman Slough M9
Middle of the lake, 

lake center,  
deep pool

-2 1.8 2.5 5.86

Moelhman Slough M13 Middle of the lake, 
west shore -3 1.7 0.8 5.86

Moelhman Slough BR-MS-M21 Near highway 
SH21 crossing -11 -0.2 6.7 108

Korthauer Bottom KB01 Northern end  
of the lake -1 2 5 4.82

Korthauer Bottom KB17 Southern end  
of the lake -2 2 4.1 4.81

Korthauer Bottom KB13 Middle of the lake, 
east shore -3 1.6 3.8 4.79

Korthauer Bottom KB5
Middle of the lake, 

lake center,  
deep pool

-3 1.7 3.6 4.68

Korthauer Bottom KB9 Middle of the lake,  
west shore -2 1.8 4 4.69

Korthauer Bottom BR-KB-21 Brazos River at 
Korthauer Bottom -17 -1.9 6.5 75.3

Horseshoe Lake H-5-5 Northern end  
of the lake 4 4.2 0

Horseshoe Lake H-1-5 Southern end  
of the lake 10 4.7 0

Horseshoe Lake H-2-5 Middle of the lake, 
east shore 0 3.5 0

Horseshoe Lake H-3-5
Middle of the lake, 

lake center,  
deep pool

0.5 3.5 0

using deuterium suggests that about 60 
percent of the water in the river may be 
derived from rain water, with the remain-
ing 40 percent from base flow.

5.4.2  
Sulfur isotopes
We sampled water from the oxbow 
lakes, Brazos River, and the aquifers 
for d34S isotopes (Table 5-5 and Figure 
5-21). We found considerable similari-
ties in d34S values, with the exception 

of a larger spread and more positive 
d34S values in the groundwater. Sulfur 
isotope values range from +0.8 to +5‰ 
CDT in the oxbow lakes, +2.2 to +6.7‰ 
CDT in the Brazos River, and -3.9 to 
+9.8‰ CDT in the groundwater. We 
also observed two trends from d34S 
and SO4 plot: (1) a progressive enrich-
ment of d34S with an increase in SO4 
and (2) d34S enrichment at decreased 
concentrations of SO4.
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Sample type Sample number Sampling location
d2H ‰  

(SMOW)
d18O ‰  

(SMOW)
d34S ‰  
(CDT)

SO4 
(mg/l)

Horseshoe Lake H-4-5 Middle of the lake, 
west shore    9 4.7 0

Horseshoe Lake BR-H6

Brazos River at 
Horseshoe Lake 

near highway 
SH 159 crossing

-29 -3 2.2      36.8

Brazos River 
Alluvium Aquifer 59-20-913 -31 -4.5 -0.8 376

Brazos River 
Alluvium Aquifer 66-08-702 -30 -4.6 -3.9 35.4

Brazos River 
Alluvium Aquifer 66-08-703 -32 -4.8 6.2 35

Brazos River 
Alluvium Aquifer 66-08-111 -31 -4.8 8.8 6.81

Brazos River 
Alluvium Aquifer 59-63-802 -30 -4.6 8.4 N/A

Brazos River 
Alluvium Aquifer 59-20-928 -33 -4.6 3.4 415

Brazos River 
Alluvium Aquifer 59-20-839 -32 -4.7 -3 235

Brazos River 
Alluvium Aquifer 59-20-923 -33 -4.7 2.1 42

Sparta Aquifer 5928209 -34 -5.2 -2.3 14
Queen City 
Aquifer 5928208 After flooding -33 -5.2     374

Evangeline 
Aquifer 6608103 -31 -4.8 9.8 35

Evangeline 
Aquifer 5964701  -30 -4.9 8.8 1.33

All isotope values are reported in parts per thousand.
SMOW=standard mean ocean water; CDT=Canyon Diablo Troilite; N/A=not analyzed; mg/l=milligrams per liter; 
SH=state highway

                        Table 5-5 continued.
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6 Discussion

Rain water commonly has a wide 
range of dissolved substances that 

include sea salt, SO4, H, NH4, and NO3. 
Sulfuric acid is derived from the oxida-
tion of dimethyl sulfide and hydrogen 
sulfide, which are produced by biologi-
cal processes in the ocean (Bonsang and 
others, 1980). Ammonium and NO3 
are derived from gaseous nitrogen spe-
cies from terrestrial vegetation (Stallard 
and Edmond, 1981). Rain water from 
areas affected by atmospheric pollution 
commonly is high in SO2 and a range 
of nitrogen oxides (Drever, 1988). High 
concentrations of NH4 also occur in pol-
luted air (Drever, 1988). Therefore, high 
SO4 and NH4 concentrations in the rain 
water at the TX 56 site (Wise County) 
suggest that the area is more influenced 
by human factors than the TX 10 site 
(Colorado County). High concentrations 
of Na and Cl in the rain water at the TX 
10 site are probably caused by inputs of 
sea salts from the Gulf of Mexico. 

In comparing rain water compositions 
with surface water from the oxbow lakes 
and Brazos River and groundwater from 
the Brazos River Alluvium, Queen City, 
Sparta, and Evangeline aquifers, none of 
the surface water and groundwater com-
positions match the rain water composi-
tions. The surface water and groundwater 
are much more saline than the rain water. 
Therefore, rain water must rapidly change 
its composition as it travels through the 
soil and aquifer materials, participates in 
water-rock interactions in the outcrop 
and subsurface, and mixes with the river 
water. None of the water samples we stud-
ied plot near the SO4 vertex in anions and 
near 50 percent (Na+K) and Ca in cations 
(Figures 5-10, 5-16, and 5-19) as would be 
expected if they were strongly influenced 
by atmospheric precipitation (Baca and 
Threlkeld, 2000). 

Because temperature and precipita-
tion patterns affect isotopic compositions, 
isotope analysis is useful in determining 

 
6 Discussion

the origins and recharge of groundwater. 
Isotopic partition results in depleted iso-
topic water in cold regions and enriched 
water in warm regions (Craig, 1961; 
Clark and Fritz, 1997). The groundwater 
samples we analyzed for d18O isotopes 
from the Brazos River Alluvium Aquifer 
closely resemble the weighted mean d18O 
values of about –4.2‰ standard mean 
ocean water present in the rain water for 
Central Texas (Barry and Chorley, 1998). 
However, groundwater from the Queen 
City, Sparta, and Evangeline aquifers 
underlying the alluvium is relatively more 
depleted, which suggests that this water 
was derived from a different recharge 
event. Therefore, most of the groundwa-
ter in the Brazos River Alluvium Aquifer 
is not likely mixed with the older ground-
water that could flow upward from the 
aquifers beneath the alluvium under arte-
sian conditions. These differences in iso-
topic compositions are consistent with 
the differences in chemical compositions 
between groundwater from the Brazos 
River Alluvium, Queen City, Sparta, and 
Evangeline aquifers. 

Water becomes progressively more 
enriched in d18O and d2H values dur-
ing its evaporation (Gonfiantini, 1986). 
The isotopic values of Brazos River water 
become progressively depleted down-
stream (Table 5-5), suggesting relatively 
greater base flow contribution down-
stream. This is further supported by 
greater similarities in water composi-
tions from the alluvial aquifer and the 
adjacent river water and a higher base 
flow discharge downstream. 

The most enriched d2H and d18O val-
ues occur in Horseshoe Lake in the down-
stream parts of the Brazos River. The lake 
water has more enriched isotope values 
than the groundwater and nearby Brazos 
River water. These values may suggest 
that the lake water has not been con-
nected even temporarily to the Brazos 
River for an extended period of time, 
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allowing continued evaporation of this 
shallow ponded water. 

A literature survey indicates that 
with continued evaporation, isotope 
values progressively shift toward more 
positive values, depending on the mean 
residence time of the water in a basin 
and the rate of evaporation (Gonfian-
tini, 1986). In transient surface water 
bodies during flushing phases, isoto-
pic compositions approach dilute rain 
water. However, during the evaporitic 
phases at low-water stand, isotopic 
species become enriched (Gat, 1995). 
In a study of the floodplain lakes in the 
Amazonia, Martinelli and others (1989) 
showed that the isotopic composition of 
many of the lakes changes from deplet-
ed isotopic values characteristic of the 
main stream of the Amazon River and 
its tributaries to more enriched values 
due to the increased participation of 
water from local runoff and rainfall. Our 
interpretation that the enriched isotopic 
compositions are due to disconnection 
of the oxbow lakes from the main river 
channel for extended periods of time 
and accumulation of water in the lakes 
from precipitation and local base flow is 
consistent with isotopic investigations of 
other lake water (Martinelli and others, 
1989; Gat, 1995).

Sulfur from various sources of sulfate 
may participate in the geochemical evo-
lution of groundwater and contribute to 
groundwater salinity. The isotope of d34S 
is generally fractionated between sulfur 
compounds due to biological cycling. 
Dissolution of gypsum or anhydrite 
occurs without measurable isotopic frac-
tionation and, therefore, isotopic compo-
sitions of SO4 can be used as a tracer of 
sulfate origin (Clark and Fritz, 1997). The 
range of sulfur isotopes (+0.8 to +6.7‰ 
CDT) we observed in the oxbow lake 
and river water suggests that the sulfate 
is mainly derived from human sources. 
Mayer (1998) reported that sulfate from 
human sources normally ranges between 

-3 and +9‰ CDT in rainfall. Sulfate in 
this water is probably not derived from 

atmospheric sulfate of marine origin or 
reduced organic sulfur gases (+15 and 
+21‰ CDT) (Krouse and Mayer, 2000) 
or combustion and refining of fossil fuels 
(-40 to +30‰ CDT) (Newman and For-
est, 1991). Isotopes of d34SSO4 of modern 
seawater also have a heavier d34SSO4 val-
ue (+21‰ CDT) (Clark and Fritz, 1997). 

When we plot d34S versus SO4, sam-
ples that show a progressive enrichment 
in d34S with an increase in dissolved sul-
fate probably occur under more uncon-
fined conditions in permeable parts of 
the aquifer where groundwater is more 
readily recharged (Figure 5-21). On 
the contrary, d34S enrichment at the 
expense of SO4 suggests groundwater 
has undergone sulfate reduction in areas 
containing clay lenses, which provide the 
necessary anaerobic condition. Negative 
d34S values are formed under diagenet-
ic conditions in which reduced sulfur 
compounds are formed due to biological 
recycling (Clark and Fritz, 1997). 

The net effect of evaporation is to 
remove water from water bodies, which 
increases the salinity in the remaining 
water by increasing the dissolved constit-
uents. As water evaporates, carbonate or 
sulfate may precipitate, increasing cation 
(Ca, Na) and decreasing anion (HCO3, 
SO4) concentrations (Eugster and Har-
die, 1978). Therefore, the oxbow lakes 
in the Brazos River that hold the most 
evaporated water as supported from 
their isotopic compositions should have 
higher salinity than the rest of the water 
unless significant mineral precipitation 
has occurred. However, the lake waters 
have lower salinity, with negative satura-
tion indices for most common minerals, 
which could probably be attributed to 
dilution effects caused by repeated mix-
ing with river water. However, this expla-
nation does not hold for Horseshoe Lake.

Water compositions within the oxbow 
lakes are relatively uniform, suggesting an 
absence of stratification. Water compo-
sitions of Horseshoe Lake, however, are 
considerably different from Moelhman 
Slough and Korthauer Bottom oxbows, 
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and from rain water and groundwater. 
No sulfate or chloride is present, and 
cations occur at reduced concentra-
tions in this lake water. In contrast, the 
nearby river water has much higher 
concentrations of chloride and sulfate. 
Unlike the river and the other two lakes, 
Horseshoe Lake has dense growths of the 
aquatic vegetation Eurasian watermilfoil 
(Myriphyllum spicatum), and the water 
in the lake is very clear. Profuse growth 
of Eurasian watermilfoil may absorb 
some of the Ca, Cl, and SO4, resulting 
in their reduced concentrations in the 
water. For example, Wainio and others 
(2003) observed that M. spicatum could 
potentially be a proficient hyperaccu-
mulator of heavy metals. They noted 
high concentrations of heavy metals in 
a lake in Ontario, Canada, where heavy 
metals in the water were less at the exit 
of the lake compared to water entering 
the lake. High concentrations of metals 
were found in the M. spicatum within 
the lake; they suggested that this accu-
mulation of metals in the M. spicatum 
could result from the plants absorbing 
metals from the water column through 
foliar contamination (Wainio and others, 
2003).  In addition, local reducing condi-
tions from the decay of organic matter 
and the M. spicatum may facilitate sulfate 
reduction and ion adsorption on organic 
matter.

Water composition in the Brazos River 
changes considerably from the winter to 

the summer. A large fraction of the river 
water contains relatively more dilute rain 
water in the winter than the summer 
because of higher rainfall in the winter. 
Furthermore, a reduced streamflow and 
lower river stage caused by increased 
evapotranspiration and pumping during 
the summer make the hydraulic gradi-
ent steeper and allow more base flow 
discharge into the river. Base flow nearly 
always has more dissolved solids than 
the rain water, which contains only very 
dilute water (Figure 5-19), particularly in 
coastal areas.

Average groundwater recharge in the 
alluvial aquifer estimated from base flow 
analyses and the chloride mass balance 
method are in reasonable agreement. For 
example, the base flow estimate provides 
average recharge values of 0.74 to 0.95 
inches per year, and the chloride mass 
balance method provides lower aver-
age recharge values of 0.33 inches per 
year. The lower recharge value from the 
chloride mass balance method could be 
attributed to dissolved chloride that can 
accumulate during chemical interaction 
of the water with the fine-grained aquifer 
materials. However, the recharge estimate 
from the chloride mass balance method 
is similar to groundwater recharge of 0.35 
inches per year assigned in the alluvium 
to calibrate groundwater models for the 
Queen City, Sparta, Carrizo, and Wilcox 
aquifers (Dutton and others, 2003). 
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7 Conclusions

We evaluated surface connections 
for three oxbow lakes with the 

main channel of the Brazos River using 
site topography and water surface ele-
vation information. Results indicate 
that Moelhman Slough connects to 
the Brazos River at least twice per year, 
Korthauer Bottom connects to the Bra-
zos River more than once per year, and 
Horseshoe Lake rarely connects to the 
Brazos River, even during intense flood 
events. 

Isotopic compositions of the alluvial 
groundwater, river water, and oxbow 
lake water show a progressive enrich-
ment in oxygen and deuterium isotopes 
from continued evaporation of the water. 
Groundwater from the Queen City, Spar-
ta, and Evangeline aquifers near the lakes 
has depleted isotopes and a sodium-
bicarbonate composition, and the Bra-
zos River Alluvium Aquifer water has a 
heavier isotope and a calcium-sodium-
bicarbonate composition. These differ-
ences in chemical and isotopic composi-
tions suggest that there may not be any 
significant upward discharges from the 
Queen City, Sparta, and Evangeline aqui-
fers into the Brazos River Alluvium and 
Brazos River. Water levels and base flow 
analyses suggest that a substantial por-
tion of the water in the Brazos River is 
derived from base flow from the shallow 
alluvial aquifer. Estimated average base 
flow discharges are significantly higher 
downstream than upstream. Fresher 
groundwater composition in the lower 
parts of the alluvial aquifer also contrib-
utes to a fresher river water composition 
downstream. 

We estimated recharge into the Brazos 
River Alluvium Aquifer using base flow 
and chloride mass balance methods. We 
estimate that average recharge into the 

aquifer ranges from 0.74 to 0.95 inches 
per year using the base flow method. 
Using the chloride mass balance meth-
od, we estimate average recharge is 0.33 
inches per year; however, the chloride 
mass balance method underestimates 
recharge due to the possible contribu-
tion of non-precipitation chloride in the 
groundwater. 

Water levels in wells and base flow 
discharges show no direct responses 
with precipitation amounts, suggesting 
that recharge into the aquifer is delayed 
due to the presence of clay in or above 
the alluvium, as documented by earlier 
geophysical investigations. 

As a result of our analyses, we deter-
mined that the source water for Moelh-
man Slough and Korthauer Bottom 
differs from Horseshoe Lake. The fre-
quency and durations of surface connec-
tions of the oxbow lakes with the river 
in combination with the chemical and 
isotopic compositions suggest that the 
water in Moelhman Slough and Korthau-
er Bottom originated during flood events. 
In contrast, base flow from the alluvial 
aquifer is the dominant source of water 
for Horseshoe Lake. Water in Horseshoe 
Lake has experienced extensive evapora-
tion, as supported by its enriched deu-
terium and oxygen isotopic composi-
tions and only one surface connection 
to the Brazos River over the past 20 
years. Although chemical compositions 
of Horseshoe Lake water should be more 
saline due to extensive evaporation, the 
water remains surprisingly fresher than 
that in the other two lakes and the river. 
This difference in chemical composition 
may be caused by biologically mediated 
filtering of the ions and/or geochemical 
reactions.
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10 Appendix 1: Surface water composition from the Brazos River
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Appendix 2

Precipitation weighted mean rain water composition for the National Trends Network 
TX  site (Colorado County) and TX  site (Wise County). Data and station locations 
downloaded from the National Atmospheric Water Deposition Web site at http://nadp.
sws.uiuc.edu/.

N/A = data not available.
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