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Occurrence of Pharmaceutical Compounds in the San 
Antonio Segment of the Edwards (Balcones Fault Zone) 
Aquifer, South-Central Texas, June 2018–August 2020

By Stephen P. Opsahl and MaryLynn Musgrove

Abstract
The occurrence of pharmaceutical compounds (herein-

after referred to as “pharmaceuticals”) in surface water that 
recharges the San Antonio segment of the Edwards aquifer 
in south-central Texas is of concern with respect to potential 
effects on groundwater quality. This study, conducted dur-
ing June 2018–August 2020 by the U.S. Geological Survey 
in cooperation with the San Antonio Water System, used a 
source-to-sink approach (that is, from aquifer recharge to aqui-
fer discharge) to compare the occurrences and concentrations 
of pharmaceuticals in recharging (losing) streams to those in 
relatively shallow and relatively deep groundwater. Individual 
pharmaceutical concentrations in surface water were all 
less than 200 nanograms per liter, and most were less than 
50 nanograms per liter. The two most common pharmaceu-
ticals in surface water were metformin (50-percent detection 
frequency) and caffeine (25-percent detection frequency). In 
contrast to surface-water sites, few detections of pharmaceuti-
cals above the detection limit were quantified at groundwater 
sites. On the basis of studied sample sites that are considered 
to be representative of the Edwards aquifer recharge zone, 
groundwater results collectively indicate that pharmaceuticals 
currently (2020) do not substantially impair water quality in 
the shallow unconfined part of the Edwards aquifer. Although 
groundwater pharmaceutical detections were not common, two 
detections of acetaminophen occurred in samples collected 
from a relatively deep confined part of the aquifer, indicating 
that this part of the aquifer is potentially vulnerable to phar-
maceutical contamination. The near absence of wastewater 
treatment plant discharges and Texas Land Application Permit 
facilities within the drainage areas of streams in this study 
could explain reduced inputs of pharmaceuticals relative to 
pesticides on the Edwards aquifer recharge zone and their 
reduced occurrence in unconfined groundwater. In the west-
ern part of the study area, numerous pharmaceutical detec-
tions in the Frio River indicate that pharmaceutical sources 
in rural areas also exist with potential water-quality effects. 
Although reported pharmaceutical concentrations for the San 
Antonio segment of the Edwards aquifer are currently (2020) 
low, ongoing development in the region has the potential to 
increase contaminant loads, including for pharmaceuticals.

Introduction
The occurrence of pharmaceutical compounds (herein-

after referred to as “pharmaceuticals”) and the global con-
sequences to surface-water and groundwater resources have 
gained attention in recent years as analytical technology has 
improved (Furlong and others, 2014), and interest in evalu-
ating the effects of specific pharmaceuticals on human and 
ecological health has increased (Blackwell and others, 2017; 
Bradley and others, 2020; Pronschinske and others, 2022). 
Large-scale studies of streams and lakes indicate that the 
occurrence of at least some pharmaceuticals is nearly ubiq-
uitous, and their source is commonly traced to discharges by 
wastewater treatment plants (WWTPs), which generally can 
remove only a proportion of the pharmaceuticals present in 
most untreated wastewater (Zhou and others, 2009; Greenham 
and others, 2019). Pharmaceuticals also have been detected in 
streams that do not receive treated wastewater from WWTPs 
(Bradley and others, 2016; Battaglin and others, 2018; Bradley 
and others, 2020). Large-scale studies of shallow and deep 
groundwater resources throughout the United States have 
assessed the vulnerability of public water supplies to phar-
maceutical contamination (Focazio and others, 2008; Furlong 
and others, 2017; Bexfield and others, 2019). Deep confined 
groundwater used for public supply typically includes a large 
fraction of relatively old water, yet pharmaceuticals have 
been detected at low concentrations (Bexfield and others, 
2019), thereby indicating vulnerability to pharmaceutical 
contamination.

Numerous pathways have been identified as poten-
tial sources for pharmaceuticals to enter groundwater. For 
example, discharges from WWTPs into streams that lose 
water to the underlying groundwater system can introduce 
pharmaceuticals into alluvial aquifers (Newman and others, 
2021). Onsite wastewater treatment facilities (septic systems) 
are a source of pharmaceuticals to shallow groundwater 
(Phillips and others, 2015; Schaider and others, 2017; Elliott 
and others, 2018). Leaking sewer lines are another potential 
source of pharmaceuticals to groundwater systems (Wolf and 
others, 2012). Land application of treated wastewater and 
seepage through soils into groundwater was reported as a 
pathway for pharmaceuticals into the karstic Floridan aquifer 
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(Katz and Griffin, 2008). Identifying pharmaceutical sources 
to groundwater is challenging because contaminant pathways 
will be system specific and dependent on the nature of local 
surface-water/groundwater interaction.

The greater San Antonio area, south-central Texas, is 
largely dependent on groundwater from the San Antonio seg-
ment of the Edwards (Balcones fault zone) aquifer (George 
and others, 2011) (hereinafter referred to as the “Edwards 
aquifer”). The Edwards aquifer is a karst (limestone) aquifer 
that serves the water needs of the more than 2 million people 
in the greater San Antonio area (Greater Edwards Aquifer 
Alliance, 2014; Tremallo and others, 2015). As with many 
karst aquifers, the Edwards aquifer is vulnerable to anthropo-
genic contamination due to direct connections with the land 
surface (White, 1988; Sharp and Banner, 1997). The vulner-
ability of the aquifer is evident because of the occurrence 
of low levels of organic compounds including pesticides, 
volatile organic compounds, and wastewater constituents 
(Musgrove and others, 2010, 2011; Opsahl and others, 2018). 
Understanding the vulnerability of the Edwards aquifer is 
challenging because of the complex hydrogeological char-
acteristics that control recharge, flow, and transport in karst 
(White, 1988; Sharp and Banner, 1997). Complexities include 
(1) understanding where and how much water and associated 
constituents are introduced into the aquifer through losing 
streams (water flows out of the stream into the underlying 
Edwards aquifer as the stream crosses the aquifer recharge 
zone), (2) understanding the spatial and temporal variability of 
water quality in recent recharge to the shallow unconfined part 
of the aquifer, and (3) identifying similarities and differences 
between the relatively young recharge water in the shallow 
unconfined part of the Edwards aquifer and the relatively old 
water in the deeper confined part of the aquifer that is the main 
source of public supply.

Understanding the transport of contaminants associated 
with recharge to the Edwards aquifer has advanced in recent 
years as a result of surface-water and groundwater monitor-
ing efforts focused on the recharge zone (Opsahl and others, 
2018, 2020; Musgrove and others, 2019). These previous 
studies documented the occurrence of pesticides and excess 
nutrients in shallow unconfined groundwater, as well as deeper 
confined groundwater, and stable isotopes of nitrate supported 
the presence of at least some wastewater. Furthermore, urban 
areas overlying the Edwards aquifer contributed to a greater 
diversity of pesticides at greater concentrations in shallow 
unconfined groundwater than did rural areas overlying the 
aquifer (Opsahl and others, 2020). In this study, examining 
the occurrence and variability of pharmaceuticals in Edwards 
aquifer recharging streams and groundwater and the land 
cover overlying the aquifer will provide new information 
about an understudied group of emerging contaminants. To 
better understand the vulnerability of the Edwards aquifer to 
pharmaceutical contamination, the U.S. Geological Survey 
(USGS), in cooperation with the San Antonio Water System, 
completed a study during June 2018–August 2020 to assess 

the occurrence of pharmaceuticals in streams that provide 
recharge to the aquifer, in shallow unconfined groundwater, 
in deeper confined groundwater, and in a major discharg-
ing spring. The assessment was enhanced by including an 
analysis of land cover for sampled watersheds, and results are 
interpreted in the context of regional hydrologic conditions.

Purpose and Scope
This report documents the occurrence of pharmaceu-

ticals in the San Antonio segment of the Edwards aquifer, 
south-central Texas, during June 2018–August 2020 with 
a focus on the recharge zone and associated groundwater 
recharge processes. The goals are to (1) assess the occur-
rence and possible sources of pharmaceuticals in recharging 
streams, unconfined groundwater, confined groundwater, 
and a major discharging spring; (2) quantify different land-
cover types to compare the occurrence of pharmaceuticals in 
stormwater runoff from rural compared to urban areas; and 
(3) evaluate and compare the extent to which pharmaceuticals 
are present in unconfined and confined groundwater. Possible 
sources to explain the occurrence of pharmaceuticals in the 
aquifer are discussed in the context of water-management 
practices intended to reduce the introduction of anthropo-
genic contaminants to groundwater.

Methods
An established USGS monitoring network (Opsahl 

and others, 2018) was used to collect hydrologic and water-
quality data for the San Antonio segment of the Edwards 
aquifer (fig. 1). Site selection considered different land-cover 
types (rural and urban areas) and included wells completed 
both in the relatively shallow unconfined (recharge) zone 
and in the relatively deep confined zone. Hydrologic data, 
including stream stage, stream discharge, and groundwater-
level altitude data, were continuously monitored and used 
to provide hydrologic context for the discrete sample data 
for pharmaceuticals. The study began in June 2018 and 
continued through August 2020. All sites will hereinafter be 
referred to by their short names (fig. 1; table 1; table 2).

Study Design and Site Characteristics

The study design built on previous and ongoing work in 
and near the San Antonio area (fig. 1) (Musgrove and others, 
2010, 2011, 2019; Opsahl, 2012; Opsahl and others, 2018, 
2020) with this focus on pharmaceuticals. The study area 
encompasses the San Antonio segment of the Edwards aqui-
fer and includes the contributing zone, unconfined (recharge) 
zone (hereafter, recharge zone), and confined zone (fig. 1). 
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Figure 1.  Hydrogeologic setting and study site locations in the San Antonio segment of the Edwards aquifer, south-central Texas.
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Table 1.  Description of sites at which hydrologic data were obtained and water-quality samples were collected in the San Antonio segment of the Edwards aquifer, 
south-central Texas, June 2018–August 2020.

[GHCN, Global Historical Climatology Network; USGS, U.S. Geological Survey; EAA, Edwards Aquifer Authority]

Map  
identifier  

(fig. 1)

GHCN, USGS, or EAA 
station number

GHCN, USGS, or EAA station name
Short name  

(fig. 1)
Site type

1 1USW00012921 San Antonio International Airport, TX US Rainfall data Weather station
2 208195000 Frio River at Concan, Tex. Frio River Streamflow station
3 208180941 Culebra Creek in Government Canyon State Natural Area near Helotes, Tex. Culebra Creek Streamflow station
4 208181400 Helotes Creek at Helotes, Tex. Helotes Creek Streamflow station
5 208180990 Leon Creek at IH 10 and Loop 1604 near San Antonio, Tex. Leon Creek Streamflow station
6 208178585 Salado Creek at Wilderness Road, San Antonio, Tex. Salado Creek Streamflow station
7 208178638 West Elm Creek at Encino Rio at San Antonio, Tex. West Elm Creek Streamflow station
8 36837203 Bexar County index well (J-17) J-17 well Groundwater well, confined
9 2292618099165901 TD-69-38-601 (Seco Creek well) Seco well Groundwater well, unconfined

10 2293252098380801 AY-68-27-609 (Western Oak) Western Oak well Groundwater well, unconfined
11 2293405098394201 AY-68-27-610 (Parkwood Park) Parkwood well Groundwater well, unconfined
12 2293516098325501 AY-68-28-211 (Shavano Park at Fawn Drive) Shavano well Groundwater well, unconfined
13 2293746098265401 AY-68-21-806 (Encino Rio) Encino Rio well Groundwater well, unconfined
14 2293559098284801 AY-68-29-112 (Donella) Donella well Groundwater well, unconfined
15 2292943098354404 AY-68-36-132 (Zarzamora DED) Zarzamora well Groundwater well, confined
16 2294300098080001 DX-68-23-301 (Comal 1) Comal 1 spring Spring
17 208168710 Comal Springs at New Braunfels, Tex. Comal Springs Spring

1GHCN station (National Oceanic and Atmospheric Administration, 2022).
2USGS station (U.S. Geological Survey, 2022).
3EAA station (Edwards Aquifer Authority, 2022).
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Table 2.  Location information for sites at which hydrologic data were obtained and water-quality samples were collected in the San Antonio segment of the Edwards aquifer, 
south-central Texas, June 2018–August 2020.

[ft, foot; NAVD 88, North American Vertical Datum of 1988; dd, degrees; mm, minutes; ss, seconds; NAD 83, North American Datum of 1983; NA, not applicable; NAD 27, North American Datum of 1927; 
NGVD 29, National Geodetic Vertical Datum of 1929]

Map identifier 
(fig. 1)

Horizontal reference 
datum

Well depth  
(ft below land surface)

Land-surface altitude  
(ft above NAVD 88)

Vertical reference datum
Latitude  

(dd mm ss)
Longitude  
(dd mm ss)

1 NAD 83 NA NA NA 29°32'40” 98°29'02”
2 NAD 27 NA NA NA 29°29'18” 99°42'16”
3 NAD 83 NA NA NA 29°32'21” 98°45'05”
4 NAD 27 NA NA NA 29°34'42” 98°41'29”
5 NAD 83 NA NA NA 29°35'35” 98°35'57”
6 NAD 27 NA NA NA 29°37'50” 98°33'55”
7 NAD 83 NA NA NA 29°37'46” 98°26'56”
8 NAD 83 874 730.8 NGVD 29 29°28'45” 98°25'57”
9 NAD 27 538 1,008.7 NAVD 88 29°26'18” 99°16'59”

10 NAD 83 261 960 NAVD 88 29°34'05” 98°39'42”
11 NAD 83 229 896 NAVD 88 29°32'52” 98°38'08”
12 NAD 83 300 975 NAVD 88 29°35'16” 98°32'55”
13 NAD 83 290 845 NAVD 88 29°37'46” 98°26'54”
14 NAD 83 260 889 NAVD 88 29°35'59” 98°28'48”
15 NAD 83 596.5 848 NAVD 88 29°29'43” 98°35'44”
16 NAD 83 NA NA NA 29°42'46” 98°05'15”
17 NAD 27 NA NA NA 29°42'21” 98°07'20”
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The study used a source-to-sink approach (that is, from aquifer 
recharge to aquifer discharge) to compare the occurrences 
and concentrations of pharmaceuticals in recharging (los-
ing) streams to those in relatively shallow and relatively deep 
groundwater. The Frio River in the western part of the study 
area is the second largest stream in terms of the amount of 
recharge it provides to the Edwards aquifer, exceeded only 
by the Nueces River in the westernmost part of the study area 
(fig. 1) (Puente, 1978). The Frio River rarely ceases to flow 
upstream from the recharge zone, and all base flow recharges 
the aquifer downstream from the sampling site on the stream 
(fig. 1; table 1; table 2). Other sampled recharge-providing 
streams in and near San Antonio included Culebra Creek, 
Helotes Creek, Leon Creek, Salado Creek, and West Elm 
Creek (fig. 1; table 1; table 2). These streams are ephemeral 
and typically flow for intermittent periods following relatively 
large storm events (Puente, 1978). Culebra Creek has served 
as a reference site in prior studies (Opsahl, 2012; Opsahl 
and others, 2018). The Culebra Creek watershed is mostly a 
protected State natural area, though there is some residential 
development in the upper reaches. Groundwater sampling 
sites in the recharge zone included the Seco well, Western 
Oak well, Parkwood well, Shavano well, Encino Rio well, 
and Donella well (fig. 1; table 1; table 2), which all represent 
shallow unconfined groundwater that responds rapidly to 
surface-water recharge. The Zarzamora well, completed in 
the confined part of the aquifer, and Comal 1 spring, a major 
discharging spring farther downgradient, represent the deeper 
confined groundwater in the aquifer (fig. 1; table 1; table 2). 
Note that the Comal 1 spring orifice is a sampling site (fig. 1; 
table 1; table 2) and one of several large discharge points of 
the Comal Springs complex that contribute to discharge at 
Comal Springs (Brune, 1975; Musgrove and Crow, 2012; 
U.S. Geological Survey, 2022). There is a USGS streamgage 
at Comal Springs that measures total spring discharge; the 
total spring discharge at Comal Springs serves as a regional 
hydrologic indicator of Edwards aquifer conditions (Musgrove 
and Crow, 2012; U.S. Geological Survey, 2022). The Edwards 
Aquifer Authority measures water levels at the J-17 well 
(fig. 1; table 1; table 2). The water-level record at the J-17 well 
dates to the 1930s and is also used as an indicator of regional 
hydrologic conditions; it is also commonly referred to as 
the “Bexar County index well” (Edwards Aquifer Authority, 
2022). The National Oceanic and Atmospheric Administration 
(2022) Global Historical Climatology Network measures 
rainfall at the San Antonio International Airport (fig. 1; table 1; 
table 2). Rainfall data from this site were used to represent the 
pattern and amount of rainfall for the study area.

Stream Stage and Discharge Measurements

Stream stage data were collected continuously from 
all streamflow stations (USGS streamgages) (fig. 1; table 1; 
table 2). The term “stage” refers to the altitude of the water 
surface in a stream above an arbitrary reference point (Rantz 

and others, 1982a, b). Stage was recorded every 15 min-
utes and transmitted hourly by a Geostationary Operational 
Environmental Satellite (GOES) transmitter to the USGS 
National Water Information System (NWIS) (U.S. Geological 
Survey, 2022). The sites were visited periodically to verify 
the recorded stage (Rantz and others, 1982a; Turnipseed and 
Sauer, 2010). The information obtained during the site visits 
was applied to update the stage record (Rantz and others, 
1982b; Kennedy, 1983, 1984; Sauer and Turnipseed, 2010), 
which is stored in NWIS (U.S. Geological Survey, 2022). 
Discharge for the Frio River, Helotes Creek, and Comal 
Springs was computed from the 15-minute stage data by using 
a stage-discharge relation developed for each site (Rantz 
and others, 1982b). The remaining sites reported only stage 
data because there were insufficient discharge measurements 
to develop a stage-discharge relation. The stream stage and 
discharge data used in this report (where available) can be 
downloaded from NWIS (U.S. Geological Survey, 2022) by 
entering the USGS station number and station name (table 1).

Continuous Groundwater-Level Altitude Data

Continuous groundwater-level altitude data were 
collected from all wells by using methods described by 
Cunningham and Schalk (2011). Water-level data were 
recorded in feet below a known land-surface datum at 
15-minute intervals and periodically verified with discrete 
measurements by using a calibrated water-level tape. The 
water-level data were transmitted hourly by the GOES 
transmitter and stored in the NWIS database (U.S. Geological 
Survey, 2022). In NWIS, the water-level data were then 
converted to groundwater-level altitude data by using the 
North American Vertical Datum of 1988 reference datum. 
The groundwater-level altitude data used in this report can be 
downloaded from NWIS (U.S. Geological Survey, 2022) by 
entering the USGS station number and station name (table 1).

Sample Collection and Analysis

All discrete water-quality data were obtained from 
surface-water and groundwater samples that were collected 
following procedures outlined in “USGS National Field 
Manual for the Collection of Water-Quality Data” (U.S. 
Geological Survey, variously dated), and the resulting data 
were stored in the NWIS database (U.S. Geological Survey, 
2022). The discrete water-quality data obtained from the 
surface-water and groundwater samples can be downloaded 
from NWIS (U.S. Geological Survey, 2022) by entering  
the USGS station number, station name, and sampling 
dates (table 3). Stormwater-runoff samples were collected 
using ISCO model 6712 autosamplers (Teledyne ISCO, 
2022) equipped with Teflon tubing. Discharge-weighted 
(or stage-weighted when no discharge data were available) 
samples were composited using a point-integrated sampling 
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method (Burkham, 1985). Each sample was drawn through 
a fixed intake mounted at the midpoint of the stream chan-
nel. Autosamplers were triggered at each site at predeter-
mined water levels indicative of the onset of streamflow. 
Autosamplers were programmed to collect 450-milliliter 
samples every 15 minutes and sequentially fill each of four 
3.6-liter (L) bottles during the runoff event. Samples were 
usually retrieved within 4 hours of the conclusion of the runoff 
event, placed on ice, and transported to the USGS South Texas 
Branch Office laboratory in San Antonio for processing. The 
four 3.6-L samples were discharge- or stage-weighted and 
composited to represent mean concentration values during the 
event. Not all stormwater-runoff samples could be collected as 
discharge- or stage-weighted composites because of the occur-
rence of multiple streamflow peaks or mechanical problems 
with autosamplers. In some instances, multiple grab samples 
(four bottles over a period of about 15 minutes) were collected 
from the edge of the stream or bridge and composited into a 
single sample. For the purposes of this report, all stormwater-
runoff samples are considered to represent instantaneous event 
concentrations and are not used to compute loads of individual 
constituents. Samples collected either with autosamplers or as 
grab samples were composited in a Teflon churn. Subsamples 
for specific analysis were withdrawn from the churn and 
preserved as required by the USGS National Water Quality 
Laboratory (NWQL).

Groundwater and spring samples were collected 
approximately every 8 weeks during June 2018–August 2020. 
Groundwater samples were collected as described in “USGS 
National Field Manual for the Collection of Water-Quality 
Data” (U.S. Geological Survey, variously dated). A Grundfos 
Redi-Flo2 pump equipped with Teflon tubing (Geotech, 2020) 
was used to collect samples from wells. Prior to sample col-
lection, at least three well casing volumes were purged to 
ensure that the sampled water was representative of that in the 
surrounding formation. Field properties (water temperature, 
dissolved-oxygen concentration, pH, turbidity, and specific 
conductance) were monitored until stable and were recorded 
just prior to sample collection (Wilde, variously dated). Grab 
samples were collected from Comal 1 spring in Teflon bottles 
and transported on ice to the USGS South Texas Branch Office 
laboratory in San Antonio for processing.

All samples were analyzed by the NWQL for a suite of 
pharmaceuticals by using the method of Furlong and others 
(2014); this analytical method determines more than 100 com-
pounds with low detection limits (DLs). Measured analytes 
are primarily human-use pharmaceuticals (prescription and 
nonprescription) and pharmaceutical degradates, though a few 
nonpharmaceuticals also are included. Typically, the reporting 
limit (RL) is set at twice the DL. Supplemental information 
on detected pharmaceuticals, including DLs and RLs at the 
time of analysis, is provided in table 4. When an analyte is not 

detected or fails to meet qualitative criteria and is less than the 
RL, it is reported as less than the RL (with remark code “<”). 
Analyte concentrations are reported for qualitatively identified 
detections that are less than the RL but greater than the DL, 
and these detections are included in the enumeration of total 
detections in samples as part of the data analysis and inter-
pretation. The number of qualitatively identified compounds 
detected below the DL is briefly mentioned in the discussion 
but not treated in the data analysis. In the case of sample-
specific matrix interferences, results from the laboratory may 
be reported with a raised RL (with remark code “<,” indicating 
less than a value higher than the typical RL) or an estimated 
remark code (“E”). A complete discussion of screening thresh-
olds and how data are reported by the NWQL is provided in 
Foreman and others (2021). Details regarding DLs and RLs 
for data reporting are provided in Furlong and others (2014), 
and a more recent treatment focused on groundwater samples 
is provided in Bexfield and others (2019).

Sample Quality Assurance and Quality Control

Quality-assurance samples were used to examine the 
potential for contamination during sample collection and pro-
cessing. Five blank samples were collected to evaluate sample 
collection and processing for possible sources of contamina-
tion (Mueller and others, 2015). These blank samples included 
an autosampler blank, a surface-water blank, a groundwater 
pump blank collected in the field, a groundwater pump blank 
collected in the laboratory, and a pump-hoist truck blank 
to test a second pumping system and associated stainless 
steel tubing occasionally used to collect deeper groundwater 
samples. For all blank samples, organic blank water was run 
through the sampling equipment and all sample processing 
steps. The blanks were analyzed by the same pharmaceutical 
analytical method as environmental samples at the NWQL. 
Among all blank samples, a single pharmaceutical detection 
occurred. Caffeine was detected in the groundwater pump 
blank collected in the laboratory with an estimated concentra-
tion of 15.2 nanograms per liter (ng/L). The NWQL flagged 
this result because of potential interference during the analysis, 
which means the detection may or may not have been caused 
by the occurrence of caffeine. It should be noted that the caf-
feine detection in the groundwater pump blank is only relevant 
to the groundwater environmental samples and that there were 
no caffeine detections in any groundwater environmental 
samples. All caffeine values were assigned an “E” remark code 
by the laboratory because measured caffeine concentrations 
were highly variable during this analysis. In addition to the 
submitted blank samples, the NWQL provides internal quality-
control data for laboratory blanks, replicates, and spikes. 
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Table 3.  U.S. Geological Survey station numbers, station names, and sampling dates for discrete water-quality data obtained from surface-water and groundwater samples, 
San Antonio segment of the Edwards aquifer, south-central Texas, June 2018–August 2020.

[USGS, U.S. Geological Survey; m/d/y, month/day/year]

Map  
identifier  

(fig. 1)
USGS station number USGS station name

Sampling dates  
(m/d/y)

2 08195000 Frio River at Concan, Tex. 7/25/2018, 9/18/2018, 1/30/2019, 7/31/2019, 1/23/2020, 7/8/2020
3 08180941 Culebra Creek in Government Canyon 

State Natural Area near Helotes, Tex.
6/26/2019, 6/26/2019, 6/30/2019

4 08181400 Helotes Creek at Helotes, Tex. 7/9/2018, 9/3/2018, 5/9/2019, 6/25/2019
5 08180990 Leon Creek at IH 10 and Loop 1604 near 

San Antonio, Tex.
7/9/2018, 5/3/2019, 5/9/2019, 6/30/2019, 10/24/2019

6 08178585 Salado Creek at Wilderness Road, San 
Antonio, Tex.

10/24/2019

7 08178638 West Elm Creek at Encino Rio at San 
Antonio, Tex.

5/15/2020

9 292618099165901 TD-69-38-601 (Seco Creek well) 7/23/2018, 2/13/2019, 7/31/2019, 1/24/2020, 7/14/2020
10 293252098380801 AY-68-27-609 (Western Oak) 6/26/2018, 8/21/2018, 9/11/2018, 10/22/2018, 12/12/2018, 2/5/2019, 4/23/2019, 6/27/2019, 

8/16/2019, 10/10/2019, 1/15/2020, 5/11/2020, 7/16/2020
11 293405098394201 AY-68-27-610 (Parkwood Park) 6/25/2018, 8/20/2018, 9/10/2018, 9/25/2018, 10/25/2018, 2/4/2019, 4/22/2019, 6/28/2019, 

8/12/2019, 10/7/2019, 5/6/2020, 7/7/2020
12 293516098325501 AY-68-28-211 (Shavano Park at Fawn 

Drive)
6/11/2018, 6/10/2019, 10/8/2019, 5/5/2020, 5/16/2020, 7/10/2020, 8/27/2020

13 293746098265401 AY-68-21-806 (Encino Rio) 10/15/2019, 1/21/2020, 7/13/2020
14 293559098284801 AY-68-29-112 (Donella) 12/4/2018, 2/11/2019, 4/24/2019, 6/26/2019, 8/13/2019, 10/9/2019, 1/16/2020, 7/6/2020
15 292943098354404 AY-68-36-132 (Zarzamora DED) 7/24/2018, 2/8/2019, 7/30/2019, 1/27/2020, 7/15/2020
16 294300098080001 DX-68-23-301 (Comal 1) 7/24/2018, 1/31/2019, 7/29/2019, 1/27/2020, 7/15/2020
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Table 4.  Supplemental information on pharmaceuticals and one pharmaceutical degradate detected in samples collected from the San Antonio segment of the Edwards 
aquifer, south-central Texas, June 2018–August 2020.

[CASRN, Chemical Abstracts Service Registry Number; ng/L, nanogram per liter; NA, not available; MDH, Minnesota Department of Health (2022); HRL, health risk limit; +, plus; RAA, risk assessment 
advice]

Analyte CASRN Primary use1

Detection limit  
in effect at time  

of analysis  
(ng/L)2

Reporting limit  
in effect at time  

of analysis  
(ng/L)2

Human health 
benchmark 

(ng/L)

Human health 
benchmark 
source/type

1,7-Dimethylxanthine 611-59-6 Caffeine degradate 21 88 NA NA
Acetaminophen 103-90-2 Analgesic, antipyretic 3.6 20 200,000 MDH/HRL
Alprazolam 28981-97-7 Antianxiety 6.6 21 NA NA
Caffeine 58-08-2 Stimulant 43 91 NA NA
Carbamazepine 298-46-4 Anticonvulsant, mood stabilizer 2.2 11 40,000 MDH/HRL
Desvenlafaxine 93413-62-8 Antidepressant 42 84 NA NA
Lidocaine 137-58-6 Local anesthetic 19 38 NA NA
Metformin 657-24-9 Antidiabetic 6.6 13 NA NA
Methocarbamol 532-03-6 Muscle relaxant 5.6 11 NA NA
Pseudoephedrine + ephedrine 90-82-4 and 

299-42-3
Decongestant, stimulant 5.5 11 NA NA

Sulfamethoxazole 723-46-6 Antibiotic 13 26 100,000 MDH/RAA
Tramadol 27203-92-5 Opiate analgesic 3.0 15 NA NA
Triamterene 396-01-0 Diuretic 2.6 5.2 NA NA

1Furlong and others (2017).
2Detection limit, reporting limit, or minimum reporting limit in nanograms per liter determined by using the DQCALC procedure described in Williams and others (2015).
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NWQL personnel screen these internal quality-control data 
for potential errors prior to making the environmental sample 
results publicly available (Furlong and others, 2014).

Three data processing steps were employed to maximize 
confidence that the results reported herein are actual detec-
tions of pharmaceuticals in surface-water and groundwater 
samples and not introduced field or laboratory contamination. 
These steps, detailed in Bexfield and others (2019), are sum-
marized here:

1. Results for samples that were extracted or ana-
lyzed past the holding time (30 days) when stored at 
−20 degrees Celsius were removed from the dataset.

2. All results for nicotine and cotinine were excluded 
from the analysis because of evidence of widespread 
field contamination reported in a comprehensive study 
of U.S. groundwater sampled by the USGS (Bexfield 
and others, 2019). Furthermore, thiabendazole and 
fexofenadine were excluded from the analysis because 
of potential problems from interference during analysis 
or laboratory blank contamination.

3. Detections were defined as results greater than or equal 
to the DL (table 4). Constituents that were identified 
and quantified below the DL were excluded from the 
analysis because of the greater likelihood of false 
positive values (Mueller and others, 2015). There 
were 19 detections in surface water and 7 detections 
in groundwater that were qualitatively identified but 
were below the DL and thus excluded. Compounds 

that were qualitatively identified but had at least one 
reported value below the DL were alprazolam, caf-
feine, desvenlafaxine, lidocaine, metformin, methocar-
bamol, sulfamethoxazole, and tramadol. The conserva-
tive approach taken in this study was used to provide 
consistency with other published studies (Bexfield and 
others, 2019; Bradley and others, 2020; Pronschinske 
and others, 2022).

Land-Cover Analysis

A land-cover analysis was performed on the four most 
frequently sampled watersheds in this study: the Frio River, 
Culebra Creek, Helotes Creek, and Leon Creek watersheds 
(fig. 2; table 5). These four watersheds collectively encompass 
about 557 square miles of the contributing zone and recharge 
zone of the Edwards aquifer. In this report, developed land 
includes developed, open space; developed, low intensity; 
developed, medium intensity; and developed, high intensity as 
described for the National Land Cover Database (Dewitz and 
U.S. Geological Survey, 2021). Undeveloped land includes 
open water, barren land, deciduous forest, evergreen forest, 
mixed forest, shrub/scrub, herbaceous, hay/pasture, cultivated 
crops, woody wetlands, and emergent herbaceous wetlands 
(Dewitz and U.S. Geological Survey, 2021). The vegetation is 
primarily a mixture of oak, juniper, and shrub (Wermund and 
Gustavson, 1985).
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Figure 2.  Land cover and site locations for the Frio River, Culebra Creek, Helotes Creek, and Leon Creek watersheds, south-central Texas, 2019.
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Hydrologic and Climatic Conditions 
During the Study Period

South-central Texas is characterized by climatic and 
hydrologic extremes (Griffiths and Strauss, 1985; Jones, 
1991). Ancillary climatic and hydrologic data available 
from other monitoring sites and networks were considered 
in this study. When the study began (June 2018), intermit-
tent rainfall was evident, and only one rain event exceeded 1 
inch of total daily rainfall during June–August 2018 (fig. 3A). 
Regional hydrologic indicators—the J-17 well groundwater-
level altitude and Comal Springs discharge—during this 
time were below long-term medians, indicating relatively 
dry conditions (fig. 3B). During September 2018, the San 
Antonio airport rainfall site (fig. 1; table 1) recorded more than 
16 inches of rain and during the following month recorded 
more than 6 inches of rain (National Oceanic and Atmospheric 
Administration, 2022), resulting in a pronounced hydrologic 
response. The J-17 well groundwater-level altitude rose 
more than 40 feet, and discharge at Comal Springs increased 

by about 200 cubic feet per second (ft3/s) within a 2-month 
period (September–October 2018), indicative of a transition 
to wetter-than-average hydrologic conditions. In late July and 
August 2019, the J-17 well groundwater-level altitude and 
Comal Springs discharge decreased to near long-term medians 
and remained there until about June 2020, toward the end of 
the study period.

The recharge-providing streams responded to multiple 
periods of heavy rainfall during the study, though responses 
varied among sites (fig. 4A–D). The sites on Salado Creek and 
West Elm Creek were sampled only once, and their hydro-
graphs are not shown herein. The Frio River drains a much 
larger drainage area than the other surface-water sites (fig. 2; 
table 5) and recorded multiple large discharge peaks during 
the heavy rains of September and October 2018; the highest 
peak flow was 23,279 ft3/s (fig. 4A). From December 2018 
through the remainder of the study, discharge in the Frio River 
remained relatively low, with base flow at times reaching 
as low as 9 ft3/s. Among the sites in and near San Antonio, 
stream-stage data indicated that there was no substantial flow 
in Culebra Creek except for two runoff events in June 2019 

Table 5.  Summary of land-cover percentages for selected watersheds overlying the San Antonio segment of the Edwards aquifer, 
south-central Texas, 2019.

[Land-cover data from 2019 National Land Cover Database (Dewitz and U.S. Geological Survey, 2021). USGS, U.S. Geological Survey]

Watershed  
(short name; figs. 1 and 2; table 1)

Frio River Culebra Creek Helotes Creek Leon Creek

Station information and drainage areas

USGS station map identifier (fig. 1) 2 3 4 5
USGS station number (table 1) 08195000 08180941 08181400 08180990
Drainage area in square miles 388 31.2 38.7 99.1

Land-cover percentage

Developed, open space 1.46 1.39 4.92 12.8
Developed, low intensity 0.41 1.34 2.48 12.5
Developed, medium intensity 0.18 0.92 1.02 10.7
Developed, high intensity 0.02 0.03 0.09 3.59
Total percent developed 2.07 3.68 8.51 39.6
Open water 0.12 0.00 0.02 0.04
Barren land 0.08 0.04 0.17 0.40
Deciduous forest 1.98 0.36 1.55 1.69
Evergreen forest 42.4 86.7 60.6 35.2
Mixed forest 0.03 0.03 0.08 0.04
Shrub/scrub 52.2 8.94 27.1 20.3
Herbaceous 0.32 0.25 1.91 2.69
Hay/pasture 0.29 0.00 0.00 0.01
Cultivated crops 0.07 0.00 0.00 0.00
Woody wetlands 0.45 0.00 0.07 0.00
Emergent herbaceous wetlands 0.01 0.00 0.00 0.00
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(fig. 4B). Helotes Creek (fig. 4C) flowed more frequently than 
Culebra Creek (fig. 4B), though their drainage areas are simi-
lar in size (fig. 2) and the sample sites are in proximity (about 
4.5 miles from each other) (fig. 1). Leon Creek also flowed 
substantially on several occasions throughout the study period 
(fig. 4D) as indicated by the stream-stage data; stage values 
less than approximately 5 feet at Leon Creek are considered 
ponded water, not flowing water. As hydrologic and climatic 
conditions became drier during the latter part of the study 
period (fig. 3), surface-water sampling opportunities were 
sparse because there were few episodes of stormwater runoff. 
Only base-flow samples from the Frio River were collected 
during 2019 and 2020.

Groundwater sites varied in their responses to chang-
ing hydrologic and climatic conditions throughout the study, 
though all groundwater-level altitudes increased appreciably 
from the heavy rainfall during September–October 2018 
(fig. 5A–H). The September–October 2018 groundwater-
level altitude change was relatively gradual at the Seco well 
(fig. 5A), which is the westernmost recharge-zone well (fig. 1), 
perhaps because the Seco well is deeper (table 2) and therefore 
responds similarly to the deeper confined part of the aquifer 
during periods of groundwater recharge. Alternatively, perhaps 
the localized rainfall and resulting recharge at this well were 
less than the localized rainfall and resulting recharge at the 
unconfined wells farther east in the study area. Rainfall rates 
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Figure 3.  Time series of A, daily rainfall recorded at the rainfall data site and B, groundwater-level altitude at the J-17 index well and 
discharge at Comal Springs, south-central Texas, June 2018–August 2020.
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A . Frio River (fig. 1; table 1)

B. Culebra Creek (fig. 1; table 1)

Figure 4.  Continuous discharge or stage data and cumulative pharmaceutical concentrations for A, the Frio River, B, Culebra Creek, 
C, Helotes Creek, and D, Leon Creek, south-central Texas, June 2018–August 2020.
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Figure 4.  Continuous discharge or stage data and cumulative pharmaceutical concentrations for A, the Frio River, B, Culebra Creek, 
C, Helotes Creek, and D, Leon Creek, south-central Texas, June 2018–August 2020—Continued
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can vary appreciably in south-central Texas depending on 
location and generally decrease from east to west (Larkin and 
Bomar, 1983). The changes in groundwater-level altitudes 
during September–October 2018 at the other recharge-zone 
wells (fig. 5B–F) (except for the Donella well, for which 
there were no data available for that period; fig. 5D), which 
are all in the San Antonio area, were more rapid than at the 
Seco well (fig. 5A). Similarly, the groundwater-level altitude 
at the Zarzamora well (fig. 5G), which is relatively deep and 

screened in the confined part of the aquifer, increased rapidly 
in response to the September–October 2018 rainfall (fig. 5G). 
The J-17 well groundwater-level altitude and discharge at 
Comal Springs (fig. 3B) recorded large increases, similar to 
those recorded at the Zarzamora well (fig. 5G). A gradual 
decline in groundwater-level altitudes at all wells and in 
Comal Springs discharge was evident during the latter part 
of the study period, providing a contrast to the prolonged 
recharge response during the early part of the study period.
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Figure 5.  Daily median groundwater-level altitude and cumulative pharmaceutical concentrations for the A, Seco, 
B, Parkwood, C, Western Oak, D, Donella, E, Encino Rio, F, Shavano, and G, Zarzamora wells; H, daily mean discharge at 
Comal Springs and cumulative pharmaceutical concentrations for the Comal 1 spring site, south-central Texas, June 2018–
August 2020.
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Figure 5.  Daily median groundwater-level altitude and cumulative pharmaceutical concentrations for the A, Seco, 
B, Parkwood, C, Western Oak, D, Donella, E, Encino Rio, F, Shavano, and G, Zarzamora wells; H, daily mean discharge at 
Comal Springs and cumulative pharmaceutical concentrations for the Comal 1 spring site, south-central Texas, June 2018–
August 2020.—Continued
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Figure 5.  Daily median groundwater-level altitude and cumulative pharmaceutical concentrations for the A, Seco, 
B, Parkwood, C, Western Oak, D, Donella, E, Encino Rio, F, Shavano, and G, Zarzamora wells; H, daily mean discharge at 
Comal Springs and cumulative pharmaceutical concentrations for the Comal 1 spring site, south-central Texas, June 2018–
August 2020.—Continued
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Figure 5.  Daily median groundwater-level altitude and cumulative pharmaceutical concentrations for the A, Seco, 
B, Parkwood, C, Western Oak, D, Donella, E, Encino Rio, F, Shavano, and G, Zarzamora wells; H, daily mean discharge at 
Comal Springs and cumulative pharmaceutical concentrations for the Comal 1 spring site, south-central Texas, June 2018–
August 2020.—Continued
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Pharmaceuticals in Surface Water
Concentrations of pharmaceuticals varied consider-

ably among the surface-water sites (table 6). The maximum 
concentrations for individual pharmaceuticals ranged from 
2.47 ng/L for pseudoephedrine plus ephedrine to 158 ng/L 
for caffeine. There were 27 detections in 20 surface-water 
samples collected during the study (table 7). Comparing 
the detection frequency (number of detections per sample) 
among sites (table 7) indicates that pharmaceutical detections 
occurred more frequently in Leon Creek (2.4 detections per 
sample), West Elm Creek (2.0 detections per sample), and the 
Frio River (1.5 detections per sample). Culebra, Helotes, and 
Salado Creeks averaged less than one detection per sample. 
The two most common pharmaceuticals detected in the 
surface-water samples were metformin (50-percent detection 
frequency) and caffeine (25-percent detection frequency). 
Notably, there were 19 instances where compounds were 
positively identified in surface-water samples but the reported 
concentrations were below the DL and thus are not included as 
detections. These instances of positively identified compounds 
present below the DL included four pharmaceuticals (caffeine, 
metformin, methocarbamol, and tramadol) that were also pres-
ent above the DL in some surface-water sites and four addi-
tional pharmaceuticals (alprazolam, desvenlafaxine, lidocaine, 
and sulfamethoxazole) that were not detected above the DL at 
any surface-water sites. If these detections had been included 
in the summary of detected compounds, then the number and 
diversity of detections in surface-water would be considerably 
greater.

Cumulative concentration (sometimes referred to as “total 
concentration” or “concentration”) is the sum of the concen-
trations of all pharmaceuticals above the DL and often used to 
compare differences in the concentration of pharmaceuticals 
among environmental samples or to compare differences in 
average concentration among sites (Bradley and others, 2016, 
2019; Battaglin and others, 2018; Pronschinske and others, 
2022). The concentration of individual pharmaceuticals and 
the cumulative concentrations from all samples that had at 
least one pharmaceutical above the DL are provided in table 6 
for reference. One sample was collected at each the Salado 
Creek and West Elm Creek sites. There were no detections 
of pharmaceuticals in the sample from the Salado Creek site, 
and the cumulative concentration at the West Elm Creek site 
was 187 ng/L (with caffeine concentration constituting 151 
ng/L of that amount). Of the six samples collected from the 
Frio River site, five were collected during base flow, and one 
was collected on September 18, 2018, during a storm event 
(fig. 4A). Pharmaceuticals were present in three samples from 
the Frio River site, and cumulative concentrations for phar-
maceuticals in these samples ranged from 42.9 to 245 ng/L. 
Metformin was the most abundant pharmaceutical (86.2, 42.9, 
and 80.8 ng/L) in each of the three Frio River samples that 
had pharmaceuticals present above the DL. Pharmaceuticals 
were not detected in the stormwater-runoff sample from the 
Frio River site. At two of the sites on ephemeral streams, 

pharmaceuticals were present in one of three samples from 
the Culebra Creek site (fig. 4B) and in two of four samples 
from the Helotes Creek site (fig. 4C) with relatively low 
cumulative concentrations (less than 30 ng/L) at these sites. 
Pharmaceuticals were present in all five samples collected 
from the Leon Creek site, which like the Culebra Creek and 
Helotes Creeks sites is on an ephemeral stream. Cumulative 
concentrations in the five samples from the Leon Creek site 
ranged from 19.1 to 217 ng/L (fig. 4D) with caffeine having 
the highest concentration among all pharmaceuticals detected 
at this site (158 ng/L). Among all surface-water samples, 
caffeine and metformin typically accounted for the majority 
of the cumulative pharmaceutical concentrations. The wide-
spread occurrence and potential negative effects of caffeine 
on freshwater and marine biota are issues gaining attention 
as a global problem (Vieira and others, 2022; Wilkinson and 
others, 2022), and the predominance of caffeine in this study 
suggests its usefulness as a regional pharmaceutical indicator 
compound.

Using similar analytical methods as those used in this 
study, Bradley and others (2016) reported median cumula-
tive pharmaceutical concentrations and detection frequen-
cies of 1,390 ng/L and 24 percent, respectively, for streams 
with major (mean discharge greater than 3.8 × 106 L per 
day) WWTP discharges, 115 ng/L and 4 percent for streams 
with smaller WWTP discharges, and 160 ng/L and 4 percent 
for small, wadeable streams with no WWTP discharges. 
Leon Creek is the only stream in this study with a permitted 
WWTP associated with a small municipality upstream from 
the sampling site. The cumulative concentrations in samples 
from Leon Creek (19.1 to 217 ng/L) (fig. 4D; table 6) and a 
2.4-percent detection frequency at the site (table 7) could indi-
cate a minor influence of WWTP discharges on pharmaceuti-
cal concentrations and detections. The other watersheds in 
this study do not have WWTPs that discharge upstream from 
sampling sites, yet the occurrence of some pharmaceuticals 
at those sites is apparent. The occurrence of pharmaceuticals 
at sites without upstream WWTPs ranged from no detections 
to a cumulative concentration of 245 ng/L (table 6), and the 
average number of detections per sample ranged from 0.0 
to 2.0 percent (table 7). These values are consistent with the 
median cumulative pharmaceutical concentration (160 ng/L) 
and detection frequency (4 percent) reported by Bradley and 
others (2016) for small, wadeable streams with no upstream 
WWTP discharges. Pharmaceuticals also have been detected 
in other surface-water systems with minimal or no WWTP 
inputs including in the Great Lakes region (Pronschinske and 
others, 2022) and streams of the Rocky Mountain National 
Park (Battaglin and others, 2018). Except for the Frio River, 
streams in this study differ from those in most other studies 
in that they are ephemeral, and base-flow conditions cannot 
be sampled for comparison. Streamflow in these ephemeral 
streams is typically associated with flash-flood conditions, and 
contaminant loads can quickly be diluted outside of the analyt-
ical window. Nevertheless, low but detectable concentrations 
from the ephemeral recharge streams in the karst topography 
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Table 6.  Summary of all pharmaceuticals reported above the detection limit in samples collected from surface-water and groundwater sites in the San Antonio segment of the 
Edwards aquifer system, south-central Texas, during June 2018–August 2020.

[All values are in nanograms per liter. m/d/y, month/day/year; +, plus; --, concentration reported below the detection limit or not detected]

Map  
identifier  

(fig. 1)

Sampling 
date  

(m/d/y)

1,7-Dimethyl- 
xanthine

Acetamino- 
phen

Caffeine Carbamazepine Metformin
Metho- 

carbamol
Pseudoephedrine 

+ ephedrine
Tramadol Triamterene

Cumulative  
concentration

West Elm Creek

7 5/15/2020 -- -- 151 -- 35.8 -- -- -- -- 187
Culebra Creek

3 6/26/2019 -- 14.1 -- -- -- -- -- -- 13.4 27.5
Leon Creek

5 7/9/2018 -- 10.6 -- -- 26.2 -- -- -- -- 36.8
5/3/2019 -- 16.0 158 4.22 28.0 6.02 -- 4.53 -- 217
5/9/2019 -- -- -- -- 19.1 -- -- -- -- 19.1
6/30/2019 -- -- 80.8 -- 16.7 -- -- -- -- 97.5
10/24/2019 -- -- 130 -- -- -- -- -- -- 130

Helotes Creek

4 9/3/2018 -- -- -- -- 11.7 -- -- -- -- 11.7
6/25/2019 -- -- -- -- 7.46 -- -- -- -- 7.50

Frio River

2 7/25/2018 72.1 -- 79.9 -- 86.2 -- 6.78 -- -- 245
7/31/2019 -- -- -- -- 42.9 -- -- -- -- 42.9
7/8/2020 -- 32.3 54.0 -- 80.8 -- 2.47 -- -- 167

Zarzamora well

15 7/15/2020 -- 6.40 -- -- -- -- -- -- -- 6.40
Comal 1 spring

16 1/31/2019 -- 31.7 -- -- -- -- -- -- -- 31.7
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Table 7.  Summary of pharmaceuticals in surface-water samples collected from the San Antonio segment of the Edwards aquifer system, south-central Texas, during 
June 2018–August 2020.

[Estimated pharmaceutical values less than the reporting limit were considered detections. ng/L, nanogram per liter; NA, not applicable; --, concentration reported below the detection limit or not detected; 
+, plus]

Pharmaceutical compound

Surface-water site  
(fig. 1; table 1) Surface-water 

detection frequency 
(percent)1

Maximum surface- 
water concentration 

 (ng/L)Frio River
Culebra 
Creek

Helotes 
Creek

Leon Creek
Salado 
Creek

West Elm 
Creek

Number of samples

6 3 4 5 1 1 NA NA
Number of detections

1,7-Dimethylxanthine 1 -- -- -- -- -- 5 72.1
Acetaminophen 1 1 -- 2 -- -- 20 32.3
Caffeine 2 -- -- 3 -- 1 25 158
Carbamazepine -- -- -- 1 -- -- 5 4.22
Metformin 3 -- 2 4 -- 1 50 86.2
Methocarbamol -- -- -- 1 -- -- 5 6.02
Pseudoephedrine + ephedrine 2 -- -- -- -- -- 10 6.78
Tramadol -- -- -- 1 -- -- 5 4.53
Triamterene -- 1 -- -- -- -- 5 13.4
Number of detections per site 9 2 2 12 0 2 NA NA
Number of values reported below the detec-

tion limit
9 2 1 5 1 1 NA NA

Number of different pharmaceuticals 
detected

5 2 1 6 0 2 NA NA

Average number of detections per sample2 1.5 0.7 0.5 2.4 0.0 2.0 NA NA

1Calculated for each compound as the total number of detections divided by the total number of samples and expressed as a percentage.
2Calculated for each site as the total number of detections of all pharmaceuticals divided by the number of samples.
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of south-central Texas examined in this study emphasize 
the need to identify non-WWTP sources of pharmaceutical 
contamination to better understand the vulnerability of local 
groundwater supplies to anthropogenic contamination.

The Frio River watershed, with the smallest amount of 
developed land cover (2.07 percent) (fig. 2; table 5), aver-
aged 1.5 detections per sample (table 7), and five different 
pharmaceuticals were measured at concentrations above the 
DL (table 6; table 7). The Frio River, a perennial stream, 
is distinguished from the other streams in this study in that 
the other streams are ephemeral. As such, hydrologic condi-
tions for the Frio River are predominantly base flow (typi-
cally less than 100 ft3/s) with an occasional storm-response 
high-flow event. No pharmaceuticals were detected in the 
single storm-response sample collected at the Frio River site 
(September 16, 2018) (fig. 4A). This high-flow event peaked at 
more than 3,000 ft3/s and was preceded by a much larger flood 
event on September 8, 2018, that peaked at about 17,000 ft3/s. 
Considering hydrologic conditions at the time of sample 
collection, flushing from the September 8 event and dilution 
from rural stormwater runoff might account for the lack of 
detections in this sample. Detection frequencies were greater 
for Frio River samples collected during base-flow conditions 
(n=5). Pharmaceuticals were detected in three of the five base-
flow samples, which were collected in the summer (July 2018, 
July 2019, and July 2020). There were no pharmaceutical 
detections in the two base-flow samples collected during win-
ter (January 2019 and January 2020). Given that there were no 
WWTPs on the Frio River upstream from the sampling site, 
other sources must account for these pharmaceutical detec-
tions. There are two Texas Land Application Permit (TLAP) 
sites in the watershed upstream from the sampling site (Texas 
Commission on Environmental Quality, 2022), and it is pos-
sible that some pharmaceuticals migrated along groundwater 
flow paths into the river. The Frio River immediately upstream 
from the sampling site is a popular recreation area used for 
swimming, kayaking, and tubing. During the warmer months 
large crowds flock to the river (Texas Highways, 2023). Direct 
excretion of pharmaceuticals into the river by people might 
account for the summer pharmaceutical detections. Given the 
lack of sewer and wastewater treatment plant facilities in the 
recharge zone of the Frio River watershed, septic wastewater 
inputs from homes near the river are a possible additional 
source of pharmaceuticals to the Frio River. Direct excre-
tion by people and inputs from septic seepage are both likely 
to be more prevalent in the summer because of increased 
recreational activity and might individually or in combination 
account for pharmaceutical detections in the Frio River in the 
summer, despite the low percentage of developed land cover 
(table 5).

The amount of developed land cover in the Culebra 
Creek and Helotes Creek watersheds (3.68 and 8.51 percent, 
respectively) (fig. 2; table 5) was small (less than 10 percent) 
despite their proximity to San Antonio. The average num-
ber of detections per sample (0.7 and 0.5 for Culebra Creek 
and Helotes Creek, respectively) (table 7) and the detections 

of unique pharmaceuticals (2 and 1 for Culebra Creek and 
Helotes Creek, respectively) (table 7) were considerably less 
than for the Frio River; unlike the Frio River, people do not 
recreate in the ephemeral Culebra and Helotes Creeks. Only 
two flow events occurred on Culebra Creek during the study 
(late June 2019), both of which were sampled (fig. 4B). During 
the flow event on June 26, 2019, two samples were collected 
near the peak streamflow. There were two pharmaceuticals 
detected in the first sample, and no detections in the second 
sample, which was collected several hours later. No pharma-
ceuticals were detected in the sample from the second flow 
event (June 30, 2019), which was similar in magnitude to 
the first, thereby demonstrating heterogeneity in pharmaceu-
ticals during flow events. The difference could be attributed 
to an initial flushing of local contaminants followed by flow 
dominated by runoff from the larger watershed area. Although 
development is minimal in the Culebra Creek watershed and 
no TLAPs are present (Texas Commission on Environmental 
Quality, 2022), homes and a State park facility within the 
drainage area are potential sources of pharmaceuticals. In the 
Helotes Creek watershed, despite a small percentage (8.51 per-
cent) (table 5) of developed land (though it is about twice that 
of the Culebra Creek watershed), two pharmaceutical detec-
tions were present in the four samples collected at this site 
(table 7). Like in the Culebra Creek watershed, there are no 
TLAPs in the Helotes Creek watershed (Texas Commission on 
Environmental Quality, 2022), but homes and small businesses 
are present. The small percentage of urban land cover cor-
responded to a minor pharmaceutical presence with possible 
sources that include septic systems, leaking sewer systems, or 
other unidentified sources.

The percentage of developed land cover (39.6 percent) 
in the Leon Creek watershed (fig. 2; table 5) is greater than 
that in the other watersheds in the study, and correspondingly, 
the greatest average number of detections per sample (2.4) 
was observed at the Leon Creek site (table 7). Notably, both 
prescription and nonprescription pharmaceuticals were pres-
ent in the samples from the Leon Creek site. This watershed 
includes one small WWTP upstream from the sampling site 
that could account for most pharmaceuticals detected at this 
site. Historical data from the Leon Creek site (Opsahl, 2012; 
Opsahl and others, 2018) show, in general, that nutrient con-
centrations (nitrate and phosphorus) are low in comparison to 
streams with direct inputs of wastewater, indicating that there 
is likely a small influence of wastewater-derived contaminants 
on stream water chemistry, perhaps including pharmaceuticals. 
This study, however, did not assess the volume of discharge 
or analyze discharge samples from this WWTP for pharma-
ceuticals; thus, the WWTP contribution to pharmaceutical 
detections is not documented herein. This watershed also 
includes one TLAP site (Texas Commission on Environmental 
Quality, 2022), septic systems from older homes, and large 
shopping centers with stormwater runoff from parking lots and 
roads during rain events (potential sources include caffein-
ated drinks, litter with pharmaceutical residues, and animal 
and human excrement), all of which are potential sources of 
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pharmaceuticals. Though the greatest percentage of urban land 
cover in the study is observed in the Leon Creek watershed, 
contributions from different potential sources unique to the 
more urbanized land cover in this watershed cannot be distin-
guished from wastewater-associated sources at this time.

Pharmaceuticals in Groundwater
In contrast to surface-water sites, few detections of phar-

maceuticals above the DL were quantified at groundwater sites 
(table 6). For a total of 58 groundwater samples from 8 sites, 
there were no detections greater than the DL at 6 sites, and 
there was a single detection greater than the DL at the other 
2 sites (table 8). The resulting average number of detections 
per sample for groundwater sites was 0.0 to 0.2 detections. 
Notably, the two detections occurred in the Zarzamora well 
and Comal 1 spring site, which both represent deeper confined 
groundwater. Among all groundwater samples, acetaminophen 
was detected twice with a corresponding detection frequency 
of 4 percent. There were seven instances among the ground-
water samples where compounds were positively identified but 
reported concentrations were below the DL. Pharmaceuticals 
measured below the DL included lidocaine, metformin, sul-
famethoxazole, and tramadol, and these compounds were not 
reported at concentrations above the DL at any groundwater 
sites. As with surface-water samples, the number and diver-
sity of compounds present in groundwater samples would be 
considerably greater if compounds measured less than the DL 
were included as detections.

Pharmaceutical concentrations in groundwater were 
examined with respect to hydrologic conditions (fig. 5A–H). 
For the two detections in samples from groundwater sites, 
pharmaceutical concentrations were 6.40 ng/L for acetamino-
phen at the Zarzamora well (fig. 5G; table 6), and 31.7 ng/L 
for acetaminophen at Comal 1 spring (fig. 5H; table 6). The 
groundwater pharmaceutical detections occurred at different 
times of the study period. Though a broad range of hydrologic 

conditions was represented during the study period, ground-
water pharmaceutical detections were largely absent and 
did not correspond to specific hydrologic conditions such as 
the period of rapid groundwater recharge in September and 
October 2018.

Comparative groundwater data for pharmaceuticals in 
the shallow unconfined groundwater wells in this study are 
few because studies to date typically target water most likely 
to contain elevated concentrations of these compounds, such 
as groundwater downgradient from wastewater plumes from 
septic systems or surface water with known WWTP discharges 
(Godfrey and others, 2007; Schaider and others, 2017; Phillips 
and others, 2015; Newman and others, 2021). Although the 
shallow unconfined wells in this study are susceptible to 
urban contamination from nutrients and pesticides (Opsahl 
and others, 2018, 2020), the near absence of pharmaceutical 
detections (table 8) demonstrates that the common occur-
rence of pharmaceuticals in recharge water does not result in 
their occurrence in the shallow unconfined part of the aquifer. 
Pharmaceuticals have varying levels of persistence (Bexfield 
and others, 2019). A variety of factors might account for the 
decrease in detections from recharging surface water to shal-
low unconfined groundwater, such as degradation and dilution.

Comal 1 spring and the Zarzamora well are representa-
tive of the deeper confined part of the aquifer, from which 
the regional public supply is primarily withdrawn. A study of 
principal aquifers throughout the United States (Bexfield and 
others, 2019) provides some context for comparing Edwards 
aquifer results to other major aquifers used for public supply. 
Though the present study is smaller in scale, the principal 
aquifer studies are spatially representative of drinking-water 
resources (Belitz and others, 2010). The few detections in 
samples from the deeper part of the Edwards aquifer (table 8) 
are consistent with the low number of detections observed in 
most principal aquifers. Nonetheless, as with other regional 
aquifers, the occurrence of some pharmaceuticals indicates 
that pathways are present for pharmaceutical contamination to 
the deeper confined Edwards aquifer.
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Occurrence of Pharm
aceutical Com

pounds in San Antonio Segm
ent of Edw

ards Aquifer, Texas, 2018–20
Table 8.  Summary of pharmaceuticals in groundwater samples collected from the San Antonio segment of the Edwards aquifer system, south-central Texas, during June 2018–
August 2020.

[Estimated pharmaceutical values less than the reporting limit were considered detections. ng/L, nanogram per liter; NA, not applicable; --, concentration reported below the detection limit or not detected; 
+, plus]

Pharmaceutical compound

Groundwater and spring sites  
(fig. 1; table 1) Groundwater  

detection frequency 
(percent)3

Maximum groundwater 
concentration  

(ng/L)Seco 
well1

Western 
Oak well1

Parkwood 
well1

Shavano 
well1

Donella 
well1

Encino 
Rio well1

Zarzamora 
well2

Comal 1 
spring2

Number of samples

5 13 12 7 8 3 5 5 NA NA
Number of detections

1,7-Dimethylxanthine -- -- -- -- -- -- -- -- 0 --
Acetaminophen -- -- -- -- -- -- 1 1 4 31.7
Caffeine -- -- -- -- -- -- -- -- 0 --
Carbamazepine -- -- -- -- -- -- -- -- 0 --
Desvenlafaxine -- -- -- -- -- -- -- -- 0 --
Lidocaine -- -- -- -- -- -- -- -- 0 --
Metformin -- -- -- -- -- -- -- -- 0 --
Methocarbamol -- -- -- -- -- -- -- -- 0 --
Pseudoephedrine + ephedrine -- -- -- -- -- -- -- -- 0 --
Sulfamethoxazole -- -- -- -- -- -- -- -- 0 --
Tramadol -- -- -- -- -- -- -- -- 0 --
Triamterene -- -- -- -- -- -- -- -- 0 --
Number of detections per site 0 0 0 0 0 0 1 1 NA NA
Number of measurements report-

ed below the detection limit
0 1 0 2 0 0 4 0 NA NA

Average number of detections 
per sample4

0.0 0.0 0.0 0.0 0.0 0.0 0.2 0.2 NA NA

1Samples were for the purpose of this report considered representative of shallow, unconfined groundwater.
2Samples were for the purpose of this report considered representative of deeper, confined groundwater.
3Calculated for each compound as the total number of detections divided by the total number of samples and expressed as a percentage.
4Calculated for each site as the total number of detections of all pharmaceuticals divided by the number of samples.
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Implications for Groundwater Quality
The occurrence of pharmaceuticals in surface water that 

recharges the Edwards aquifer is of concern with respect to 
potential effects on groundwater quality. Individual pharma-
ceutical concentrations in surface water were all less than 
200 ng/L, and most were less than 50 ng/L (table 6), close 
to the range of RLs for most compounds detected in this 
study (table 4). Most pharmaceuticals do not have national 
regulatory standards, but three pharmaceuticals in this study 
do have human health benchmarks issued by the Minnesota 
Department of Health (2022) (table 4). Compounds detected 
in this study that have human health benchmarks include 
acetaminophen (200,000 ng/L), carbamazepine (40,000 ng/L), 
and sulfamethoxazole (100,000 ng/L). Clearly, pharmaceutical 
concentrations for those compounds detected in surface-water 
samples in this study are exceedingly low in comparison to 
these established human health benchmarks. Low concentra-
tions in surface-water recharge might account for the lack of 
detections above the DL in shallow unconfined groundwater 
owing to dilution of recharge in ambient groundwater. Because 
concentrations are already low in recharge, dilution can result 
in concentrations less than DLs. Although not evaluated in this 
study, sorption or degradation of pharmaceuticals, properties 
which vary among compounds, might also be potential factors 
contributing to detection frequency in groundwater. On the 
basis of studied sample sites that are considered to be repre-
sentative of the Edwards aquifer recharge zone, groundwater 
results collectively indicate that pharmaceuticals currently 
(2020) do not substantially impair water quality in the shallow 
unconfined part of the Edwards aquifer.

Although groundwater pharmaceutical detections were 
not common, two detections occurred in samples collected 
from a relatively deep confined part of the aquifer, indicating 
that this part of the aquifer is potentially vulnerable to pharma-
ceutical contamination. Specific detections of acetaminophen 
are consistent with a national-scale study by Bexfield and 
others (2019) of principal aquifers in which this compound 
was detected in both public-supply and domestic wells. Age-
tracer results for both shallow unconfined and deeper confined 
groundwater in the Edwards aquifer have previously indicated 
that the confined groundwater is considerably older, although 
it also contains a component of relatively young, recently 
recharged (modern) water (Musgrove and others, 2019). A 
modern recharge component in the confined part of the aquifer 
provides a potential pathway for introduction of contami-
nants, including pharmaceuticals, into the deeper aquifer. In 
their more comprehensive study of drinking-water supplies 
nationally, Bexfield and others (2019) also suggested that a 
small component of relatively young, modern recharge could 
account for the occurrence of pharmaceuticals in samples 
of relatively old groundwater. Whereas results of this study 
indicate that groundwater in the confined part of the Edwards 
aquifer is vulnerable to pharmaceutical contamination, the 
effects of pharmaceuticals on the quality of groundwater in the 
Edwards aquifer are currently (2020) not substantial.

A comparison of pharmaceuticals and pesticides in 
surface water and shallow unconfined groundwater in the 
Edwards aquifer provides insight into the influence of differ-
ent potential contamination pathways. Previous studies that 
include many of the same recharge-providing streams consid-
ered herein have documented numerous pesticide detections 
in stormwater runoff (Opsahl and others, 2018, 2020). These 
studies also documented frequent detections of pesticides and 
their degradates in shallow unconfined groundwater from the 
same wells monitored in this study. Whereas pesticides are 
primarily associated with application at the land surface and 
subsequent stormwater runoff, the occurrence of pharma-
ceuticals in this study is thought to be primarily associated 
with various forms of wastewater or, in the case of the Frio 
River, the direct excretion of pharmaceuticals into the river 
by recreationists. The near absence of WWTP discharges and 
TLAP facilities within the drainage areas of streams in this 
study could explain reduced inputs of pharmaceuticals relative 
to pesticides on the Edwards aquifer recharge zone and their 
reduced occurrence in unconfined groundwater. Differences 
in the stability of pharmaceuticals compared to pesticides in 
groundwater are also factors that might affect their persis-
tence during transport, though this factor was not considered 
in this study. Nevertheless, previous reports documenting the 
occurrence of numerous pesticides at concentrations that were 
often greater than detected pharmaceutical concentrations, 
along with the near absence of pharmaceutical detections in 
shallow unconfined groundwater in this study, indicate that 
the Edwards aquifer is likely more vulnerable to pesticide 
contamination than it is to pharmaceutical contamination.

The occurrence of pharmaceuticals in recharging surface 
water and Edwards aquifer groundwater is best evaluated in 
the context of past and future management actions. In 1996, 
the State of Texas prohibited wastewater discharge to streams 
within the recharge zone of the Edwards aquifer by Texas 
Administrative Code chapter 30, rule 213.8 (Texas Secretary 
of State, 2022). However, discharge is permitted in the con-
tributing zone (upstream from the recharge zone) of some 
streams that eventually flow across the recharge zone, leaving 
open the possibility that some wastewater discharge can still 
cross the recharge zone. Disposal of treated wastewater also 
occurs by land application, which is regulated by the Texas 
Commission on Environmental Quality (Texas Commission on 
Environmental Quality, 2022). Understanding sources of phar-
maceuticals in the regional Edwards aquifer and specifically 
in the urban San Antonio area remains a complex management 
challenge because few studies focus on pharmaceuticals and 
there is limited understanding of contributions from sources 
such as treated wastewater, septic systems, leaking sewer 
pipes, and direct runoff from impervious surfaces. In the west-
ern part of the study area, numerous pharmaceutical detec-
tions in the Frio River indicate that pharmaceutical sources 
in rural areas also exist with potential water-quality effects. 
Although reported pharmaceutical concentrations reported in 
this study are currently (2020) low in the San Antonio segment 
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of the Edwards aquifer, ongoing development in the region 
has the potential to increase contaminant loads, including for 
pharmaceuticals.
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