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Abstract: Final leachates (leachate after storage or treatment processes) from 22 landfills in 12 states were analyzed for
190 pharmaceuticals and other contaminants of emerging concern (CECs), which were detected in every sample, with the number of
CECs ranging from 1 to 58 (median = 22). In total, 101 different CECs were detected in leachate samples, including 43 prescription
pharmaceuticals, 22 industrial chemicals, 15 household chemicals, 12 nonprescription pharmaceuticals, 5 steroid hormones, and 4 animal/
plant sterols. The most frequently detected CECs were lidocaine (91%, local anesthetic), cotinine (86%, nicotine degradate), carisoprodol
(82%, muscle relaxant), bisphenol A (77%, component of plastics and thermal paper), carbamazepine (77%, anticonvulsant), and
N,N-diethyltoluamide (68%, insect repellent). Concentrations of CECs spanned 7 orders of magnitude, ranging from 2.0 ng/L (estrone) to
17200 000 ng/L (bisphenol A). Concentrations of household and industrial chemicals were the greatest (~1000—-1 000 000 ng/L), followed
by plant/animal sterols (~1000-100 000 ng/L), nonprescription pharmaceuticals (~100-10000ng/L), prescription pharmaceuticals
(~10-10000 ng/L), and steroid hormones (~10-100ng/L). The CEC concentrations in leachate from active landfills were significantly
greater than those in leachate from closed, unlined landfills (p = 0.05). The CEC concentrations were significantly greater (p < 0.01) in
untreated leachate compared with treated leachate. The CEC concentrations were significantly greater in leachate disposed to wastewater
treatment plants from modern lined landfills than in leachate released to groundwater from closed, unlined landfills (p = 0.04). The CEC
concentrations were significantly greater (p =0.06) in the fresh leachate (leachate before storage or treatment) reported in a previous
study compared with the final leachate sampled for the present study. Environ Toxicol Chem 2015;9999:1-13. Published 2015 SETAC.
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INTRODUCTION

Landfills are the final repository for heterogeneous mixtures
of waste from residential, industrial, and commercial sources.
Because of the composition of landfill waste, landfill leachate
can contain complex mixtures of pharmaceuticals, personal care
products, and other contaminants of emerging concern
(CECs) [1-6]. These contaminants are receiving growing
attention as mounting evidence documents their presence in
aquatic and terrestrial ecosystems from a variety of urban,
industrial, agricultural, and other anthropogenic sources [7-16].
Although the ubiquitous environmental occurrence of CECs is
now recognized as a global phenomenon [7-9,15,16], little is
known about the sources, fate, and effects of these chem-
icals [13-16]. There is a growing body of evidence indicating
that exposure to CECs can result in deleterious effects to
ecosystem health [17-29]. In addition, exposure to complex
mixtures of low concentrations of organic chemicals
(<1000ng/L), including CECs and many other organic
compounds [10], is an issue that is drawing interest, as a range
of potential effects is possible [11] even when each compound is
present at low concentrations determined not to have an
individual effect [12].
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Landfill leachate

Landfills Pharmaceuticals

The first national study of CECs in landfill leachate from
19 landfills in the United States showed that fresh leachate
contains complex mixtures of CECs [1]. Fresh leachate was
defined for that study as leachate at the beginning of the liquid-
waste stream emanating from the waste source before any storage
or treatment processes. Contaminants of emerging concern were
frequently detected in fresh leachate, with concentrations of
household and industrial chemicals ranging from 1000ng/L to
1 000000 ng/L, prescription and nonprescription pharmaceuti-
cals ranging from 100 ng/L to 1000 ng/L, and steroid hormones
ranging from 1 to 100ng/L [1]. The large numbers of CECs
detected in landfill leachate pose concerns about the potential
disposal of these compounds to adjoining groundwater and
surface water and the toxicity, estrogenic activity, carcinogene-
sis, and possible effects on aquatic and terrestrial organisms [2].
Whereas analysis of fresh leachate is an important first step in
understanding landfills as a source of CECs, fresh leachate may
not necessarily be representative of CECs in final leachate
(effluent disposed offsite after storage or treatment processes to
environmental pathways or wastewater treatment plants
[WWTPs]). Little research has been conducted on CECs in final
leachate on a national scale. Except for the study of fresh
leachate [1], research to date has been local studies that were
limited in the number of landfills sampled for CECs or studies that
involved CECs in groundwater contaminated from leachate from
closed, unlined landfills [2-6].

To provide the first national-scale assessment of CECs in
final leachate being released from landfills across the United
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Figure 1. Map showing states where final leachate was sampled from 22 landfills in 2011 to 2012.

States, final leachate samples from 22 landfills in 12 states
(Figure 1) were collected and analyzed for 190 CECs. The
analyzed CECs included 90 prescription pharmaceuticals,
32 industrial chemicals, 31 household chemicals (includes
10 pesticides), 16 nonprescription pharmaceuticals, 17 steroid
hormones, and 4 plant/animal sterols. These targeted CECs
were selected for analysis because they were expected to be
persistent in the environment; are used, excreted, or disposed of
in substantial quantities; may have human or environmental
health effects; or are potential indicators of environmentally
relevant classes of chemicals or source materials. In addition to
CECs, geochemical samples were analyzed for the 22 landfill
sites because the frequency and concentrations of CECs can be
controlled by various interconnected chemical, physical, and
microbiological fate processes. The present study summarizes
the frequency of CEC detections and concentrations in final
leachate samples, compares distributions of CEC concentrations
from landfills grouped by selected ancillary variables (e.g.,
leachate treatment and disposal processes), and compares
frequency of CEC detection and concentration between final
leachate and that published previously on untreated fresh
leachate [1]. This research provides a foundation and context for
evaluating landfills as sources of CECs as well as data for future
investigations of the fate, risk, and toxicity of CECs in leachates
from landfills as they directly or indirectly enter aquatic and
terrestrial environments.

MATERIALS AND METHODS

Landfill sites

For the present study, final leachate samples were collected
from 22 landfills (20 in 2012 and 2 in 2011; Figure 1 and
Table 1). The sampling network consisted of a range of landfill
sizes, in terms of both amounts of annual leachate produced and
waste loads (Table 1). The landfills consisted of 16 municipal
and 6 private landfills representative of landfills across the
United States and contained a heterogeneous mixture of

municipal waste, construction debris, wastewater sludge
(biosolids), and nonhazardous commercial and industrial waste
(Table 1). Of the sampled landfills, 16 were active landfills
permitted to accept municipal and nonhazardous commercial/
industrial waste and 6 were closed landfills at which operations
ceased in the late 1980s and 1990s. The active landfills were
equipped with leachate-collection and recovery systems. The
remaining 6 closed landfills were unlined and not equipped with
leachate-collection and recovery systems.

A variety of leachate treatment and disposal practices were
used at the 22 sampled landfills (Table 1). Untreated leachate
was continuously discharged from 10 of these landfills. Of these
10 landfills, 6 were closed, unlined landfills that discharged
untreated leachate to groundwater and 4 were active landfills that
disposed untreated leachate to WWTPs. Leachate was treated on
site at 12 of the active landfills, with biological treatment by
facultative lagoons being done at 11 landfills and a sequencing
batch reactor being used to treat leachate at 1 landfill. For the
22 sampled landfills, 12 were active landfills at which leachate
was discharged to WWTPs; 3 were active landfills at which
leachate was applied to soils by irrigation; 1 was a landfill at
which leachate was discharged directly to a river; and 6 were
unlined, closed landfills at which leachate was discharged
directly to groundwater (Table 1).

Sampling methods

All bottles and equipment used to collect leachate samples
were cleaned using an anionic detergent and were thoroughly
rinsed with tap water followed by deionized water and
pesticide-free menthol and allowed to air dry before being
placed in clean reclosable plastic bags. Final leachate samples
were collected from 9 landfills at discharge locations to sewer
lines; from 6 landfills at groundwater monitoring wells
downgradient from closed, unlined landfills; from 4 landfills
at facultative lagoons; from 2 landfills at leachate holding/
storage tanks; and from 1 landfill with a discharge location to
a river. For the 9 landfills discharging leachate directly to



3

Environ Toxicol Chem 9999, 2015

CECs in final leachate from landfills in the USA

*SLIQ3pP PUB UONONISUOD = q3(]/ISU0)) I[qe[IeAk Jou = eu ‘jueld jusunean Iajema)sem = JLAMM

jusuBAI) odid 1omas
1102-S661 0 0c Sl SY 0L08Y €l dIMm Ou ‘snonupuo) 03 Jueniyyyg oAndy  [edpuny [ 1/01/80 ced1
juduIEaI) yuey
1102—CL61 0 0 0¢ 08 0820¢ 944 dLMM ou ‘snonunuo)  93el0)s ATILT  QAIDY LAl 11/L0/60 1241
uooge| odid 1omas
C10T—SL61 0 ¥C 4! 9 yISI LT dLMM SAnRINOR] 03 Juaniyyy oAndy  [edpIUn - Z1/L0/60 0Cd'1
uooge| odid 1omas
croc—¢Le6l 0 4! [« 9 SE9 1 98 dIMM dAnRINOR] 01 Juaniyy aAndY  [edpIUN - T1/50/60 6141
uooge| uoo3e[
C10c—1861 I 4 1T YL 066¢CS 6 uones L] QANBINOR] SANBINOE] oAndy  [edpIuny - Z1/0€/80 8141
JuSUIIRAI) om
G861-0L61 I 0 €l 98 eu L I9jempunol - ou ‘snonunuo) Iojempunoln — paso[) [edwownpy - ZI/C1/C] L1dT
JuoUIIRAI) em
c661—tu z 0 L 16 eu 9 IQJEMPUNOID)  OU ‘SNONUIIU0D) Io)empunoln  pasor) [edomuny  Z1/€1/¢1 911
jusuIBAI odid 1omas
1020661 01 0S Sl 94 0€S61C 6801 dLMM ou ‘snonunuo) 03 Juaniyyy 9ADY  QreAlld  CTI/E1/C SIAT
JuouIIRAI} om
G861-0v61 0 01 0c oL eu L9 I9jempunoln - ou ‘snonunuo) Iojempunolny  paso[) [edmuniy - 71/30/30 yid1
uooge| odid 1omas
C10T—2661 0 € L 06 €e0LI 18¢ dIMM dAnRINOR] 0 Juan[yy oAndY  [eduny  g1/L0/11 e1d1
uooge| odid 1omas
10T—€661 'u 81 cl oL 09¢€ 6¢ 8¢C1 dIMMm QANBINOR] 03 Jueniyy oAnoy  [edpIuny  Z1/L0/80 Cld1
JuAUIIRAI) om
8661—tu 0 0 01 06 eu eu I9JEMPUNOID)  OU ‘SNONUIIU0D) Io)empunoln  pasol) [edwmuniy  Z1/21/C1 1141
1030831 odid 1omas
600T—L00¢ C 91 61 €9 89 S1 L69 dIMM o1eq [enuanbag 03 Juaniyy PAIDY  9eAld  TI/9T/T1 0141
uooge| uooge[
900C—¢661 € L 8¢ 9 90¥¥ 667 dLMM QAnE)nde] aAnE)Ndeq AV QyeAlld  CTI/S1/30 6d1
uooge| odid 1omas
0102-000¢ 0 0 0 001 000 LSL 9TL dLMM dAnRINOR] 03 Juaniyyy oAndy  [edpIuny - Z1/0€/80 841
JuoUIIRAI) om
6861561 Bu eu Bu eu eu Bu I9JEMPUNOID)  OU ‘SNONUIU0D) Io)empunoln — pasol) [edwmuniy  ZI/11/C1 11
JuoUIIRAI} om
L861-6£61 eu eu eu eu eu eu I9JEMPUNOID)  OU ‘SNONUIU0D) Io)empunoln  pasor) [edwmuny  Z1/L2/11 9T
uooge| uooge[
66610861 0 0 9 76 0ILTT 16 uonesL| QAnE)nde] aAnE)ndeq AV dreAlld  CTI/LO/T Sd1
uooge| uooge[
C10T-6661 0 0 9 6 01Lce 16 uonesL| QANBINOR] SANBINOE] PAIDY - 9eAld  TI/LO/T 41
juduIIEaI) yue)
00T —S661 01 I 61 0L wsy 00¢ dLMM ou ‘snonunuo)  a3el0)s o3I 2ANDY  [eddwuniy - 1/31/60 €A1
uooge| odid 1omas
10T —1661 8 C 0¢ 0L Sv16T LT dLMM SAnRINOR] 03 Juaniyyy oAnoy  [edpIuny - Z1/62/80 [£g!
uooge|
C10T—¢861 0 0 0 001 0cy S % JoAry QAnE}Nde] ToAuropuanyg  2ANdY  [eddmuniy - 71/0€/30 1471
(1K) dsem opnis  [emsnpu]  qo/suo) Tedorunpyy (;w) uononpoid (uuojorry) ey juauIjEaI) oomos o[dwes  smelg ad£y Aep ar
PIATAI JO POLId] dLMM J)eYORI[ [ENUUY PeO[ Q)sem [enuuy Jeyora| Jjeyoro| mypuer Surdwes  [ypue]

(%) uonzodoid ad&) dgsep

Z10T © 110 ‘SIypue] pajdwes 7z oY) 10§ SoNSLSloRIRYD [[YpUe] "1 S[qeL



4 Environ Toxicol Chem 9999, 2015

J.R. Masoner et al.

Figure 2. Leachate sample collection: (A) manhole access to leachate stream to sewer pipe; (B) processing of leachate samples; (C) leachate-filled bottles for

sample analysis.

sewer lines, samples were collected from leachate effluent to
sewer pipes with the use of a peristaltic pump and 0.64-cm
polyethylene tubing (Figure 2). At least 1 L of leachate was
pumped through new tubing as a field rinse prior to sample
collection. Samples were collected from the 6 monitoring
wells with the use of a peristaltic pump and tubing. For the
remaining samples, approximately 11 L of leachate were
collected as a large grab sample in a field-rinsed container.
Bottles were filled with individual samples from the grab
sample with the use of a peristaltic pump and tubing. All
samples were immediately chilled to 4°C after collection and
shipped overnight to the analytical laboratories.

Analytical methods

To determine concentrations of 190 CECs (Table 2;
Supplemental Data, Table S1) in leachate samples, 3 analytical
methods were used: a liquid chromatography—tandem mass
spectrometry (LC-MS/MS) method was used to determine
concentrations of 97 pharmaceuticals (including both prescrip-
tion and nonprescription), 9 pharmaceutical degradates,
2 industrial chemicals, and 1 pesticide [30]; a gas chromatogra-
phy (GC)-MS/MS method was used to determine the concen-
trations for 18 steroid hormones and related chemicals,
including 17 natural and synthetic hormones (9 estrogens,
6 androgens, and 2 progestins), as well as bisphenol A [31];
and a GC/MS method was used to determine concentrations
of 63 household and industrial chemicals [32]. Additional
geochemical samples were collected for determination of
alkalinity, ammonium concentration (NH,"), anions, nonvola-
tile dissolved organic carbon (NVDOC), cations, and trace
metal concentrations. More detailed information about analyti-
cal processing and extraction of CECs and geochemical analysis
are described in detail elsewhere [1].

Quality control

Quality-control samples were collected and analyzed to
evaluate the bias, accuracy, and precision of CEC concen-
trations in leachate samples. During analysis, 37 isotope
dilution standards and surrogate compounds were added to
the 22 leachate samples and all field and laboratory quality-
control samples. The quality-control samples for the present
study consisted of 2 field replicate samples, 1 field spike sample,
1 field blank sample, and 22 laboratory blanks (7 pharmaceuti-
cal, 12 steroid hormones, and 3 household/industrial blank
samples).

The median recoveries for isotope dilution standards and
surrogate compounds for all leachate and quality-control
samples were 101% for pharmaceuticals, 77% for steroid
hormones, and 63% for household/industrial chemicals

(Table 3). Field replicates were collected from sites LF14 and
LF19. Reproducibility was expressed as the relative percent
difference. The percentile distributions of relative percent
differences for sites LF14 and LF19 replicate samples were
calculated (Table 4). For the 55 CECs detected in which relative
percent differences were calculated, only 5 were >75% and
generally occurred in samples having relatively low concen-
trations of CECs (i.e., <1000ng/L). There was an acceptable
degree of reproducibility for results for all detected household
and industrial chemicals in replicate samples, with the median
relative percent difference being 13%.

A second field sample was collected at site LF12 and spiked
with known concentrations of CECs. Analytical recoveries
for the spiked sample were calculated to assess for potential
negative and positive bias in CEC concentrations. Recoveries
at 25th, 50th, and 75th percentile ranks for spiked pharmaceu-
ticals were 87%, 97%, and 114%, respectively. Analyses of
4 pharmaceuticals (iminostilbene, metformin, prednisolone, and
raloxifene) indicated negative bias, with recoveries <20%.
Analyses of 5 pharmaceuticals (oseltamivir, penciclovir,
prednisone, sulfamethizole, and valacyclovir) indicated positive
bias, with recoveries >175%. Recoveries at the 25th, 50th, and
75th percentile ranks for steroid hormones were 89%, 94%, and
104%, respectively. The minimum recovery for those com-
pounds was 67%, which indicates a low potential for negative
bias for steroid hormones. An indication of positive bias was
measured for 17a-estradiol, with a recovery of 181%.
Analytical recoveries at the 25th, 50th, and 75th percentile
ranks for household/industrial chemicals were 64%, 79%, and
89%, respectively. There were 12 household/industrial chem-
icals for which spiked recoveries indicated negative bias.
Diazinon, isoborneol, isopropylbenzene, pentachlorophenol,
and tetrachloroethylene had recoveries <10%; and 3,4-
dichlorophenyl isocyanate, 3-tert-butyl-4-hydroxy anisole,
B-sitosterol, stigmastanol, cotinine, and d-limonene were
recovered at concentrations between 25% and 50% of the
known concentrations.

The field blank sample was prepared in the field by processing
OmniSolv organic blank water through the sampling equipment
in the same manner that leachate samples were collected.
No CECs were detected in the field blank sample above
reporting limits for the pharmaceutical, hormone steroid, and
household/industrial chemical methods. For the 22 laboratory
blanks, only 1 pharmaceutical (lidocaine, 16.1 ng/L) was detected
above the 15.0ng/L reporting limit for the LC-MS/MS
pharmaceutical method. There were no detections in laboratory
blanks above reporting limits for any chemicals analyzed with the
GC-MS/MS steroid hormone or GC/MS household/industrial
methods.
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Table 2. Summary of analytical results for 101 detected CECs out of 190 CECs analyzed in samples from 22 landfills, 2012

Detection
RL range  Frequency = Maximum median®
Chemical® CASRNP (ng/L) (%) (ng/L) (ng/L) Primary chemical use
Household chemicals
Acetophenone (3) 98-86-2 4000 23 E 63800 15800 Fragrance and/or flavorant
Benzophenone (3) 119-61-9  400-16 000 32 E 7310 2690 Fixative for perfumes and soaps
Bisphenol A (BPA) (2) 80-05-7 100 77 E 17200000 E 45400 Component of plastics and thermal paper
Camphor (3) 76-22-2 400 55 E 342000 62400 Fragrance and/or flavorant
d-Limonene (3) 5989-27-5 1600 5 E 3400 E 3400 Pesticide, fragrance in aerosols
Galaxolide (3) 1222-05-5 200 14 E 928 302 Polycyclic musk fragrance
Isoquinoline (3) 119-65-3 400 5 801 801 Fragrance and/or flavorant
Menthol (3) 1490-04-6 3200 18 82900 27800 Flavorant
N,N-diethyltoluamide (DEET) (3) 134-62-3 400 68 E 431 000 45500 Insect repellent
Skatol (3) 83-34-1 400 23 31900 8200 Fragrance
Tri(2-chloroethyl) phosphate (3) 115-96-8 6400 27 9100 8100 Plasticizer, flame retardant
Tri(dichlorisopropyl) phosphate (3) 13674-87-8 1600 9 E 2390 E 2070 Flame retardant
Tributylphosphate (3) 126-73-8 640 45 7770 2000 Antifoaming agent, flame retardant
Industrial chemicals
1,4-Dichlorobenzene (3) 106-46-7 400 32 2830 E 797 Moth repellent, fumigant, deodorant
1-Methylnaphthalene (3) 90-12-0 400 18 2260 983 Component of petroleum
2,6-Dimethylnaphthalene (3) 581-42-0 400 5 421 421 component of diesel/kerosene
2-Methylnaphthalene (3) 91-57-6 400 9 2840 1900 Component of petroleum
3,4,Dichlorophenyl isocyanate (3) 102-36-3 200 5 E 1010 E 1010 Industrial chemical intermediate
4-Cumylphenol (3) 599-64-4 400 18 E 12800 E 10000 Plasticizer
4-Nonylphenol (3) 84852-15-3 200 32 E 83200 E 18500 Nonionic detergent degradate
4-Nonylphenol diethoxylate (3) 26027-38-2 2000 18 E 146 000 24 500 Nonionic detergent degradate
4-Tert-octylphenol (3) 140-66-9 400 55 E 6870 E 1860 Nonionic detergent degradate
4-Tert-octylphenol diethoxylate (3) 2315-61-9 2000 5 47000 47000 Nonionic detergent degradate
4-Tert-octylphenol monoethoxylate (3) 2315-67-5 2000 5 15300 15300 Nonionic detergent degradate
5-Methyl-1H-benzotriazole (3) 136-85-6 3200 18 E 6480 E 5820 Antioxidant in antifreeze and deicers
Anthracene (3) 120-12-7 200 27 1570 631 Component of tar, diesel, or crude oil
Anthraquinone (3) 84-65-1 400 14 E 691 E 532 Dye/textiles, seed treatment,
bird repellent
Diethyl phthalate (3) 84-66-2 2000 18 E 14100 6500 Plasticizer for polymers and resins
Fluoranthene (3) 206-44-0 200 5 E 430 E 430 Component of coal tar and asphalt
Isopropylbenzene(3) 98-82-8 400 18 1110 964 Fuels and paint thinner
Methyl-1H-benzotriazole (1) 29385-43-1  141-2820 59 E 9660 1310 Corrosion inhibitor
Naphthalene (3) 91-20-3 200 55 17300 598 Fumigant, component of gasoline
Para-cresol (3) 106-44-5 800 32 1580000 117 000 Wood preservative
Phenanthrene (3) 85-01-8 200 23 3600 358 Explosives, component of tar and diesel fuel
Phenol (3) 108-95-2 1600 27 E 1190000 E 98500 Disinfectant
Nonprescription pharmaceuticals and degradates
Acetaminophen (1) 103-90-2 7-143 41 42600 5300 Analgesic, antipyretic
Caffeine (1) 58-08-2 900-1810 32 3360 1340 Stimulant
Cimetidine (1) 51481-61-9 27-556 18 1085 211 Histamine H2-receptor antagonist
Cotinine (1) 486-56-6 18-127 86 E 30400 E 597 Nicotine degradate
Dextromethorphan (1) 125-71-3 8 64 18 204 70.3 Cough supressant
Diphenhydramine (1) 147-24-0 6-116 9 24 15.7 Antihistamine
Fexofenadine (1) 83799-24-0 20-398 14 E 252 E 237 Antihistamine, terfenadine degradate
Lidocaine (1) 137-58-6 15-304 91 E 47900 5380 Local anesthetic
Loratadine (1) 79794-75-5 7-139 5 E 202 E 202 Antihistamine
Nicotine (1) 54-11-5 1160 23 E 43800 E 6080 Alkaloid stimulant
Piperonyl butoxide (1) 51-03-6 3-161 23 E 238 35.7 Pesticide synergist
Pseudoephedrine (1) 90-82-4 11-222 45 E 6200 2150 Appetite suppresant, decongestant, stimulant
Pesticides and degradates
Atrazine (1) 1912-24-9 19-388 9 507 466 Herbicide
Carbaryl (3) 63-25-2 600 5 E 2530 E 2530 Insecticide
Plant and animal sterols
3-Beta-coprostanol (3) 360-68-9 200 59 176 000 7980 Fecal indicator
Beta-sitosterol (3) 83-46-5 24000 5 190 000 190000 Phytoestrogen
Cholesterol (3) 57-88-5 200 73 32300 7300 Plant and animal sterol
Stigmastanol (3) 19466-47-8 17000 9 164 000 143000 Phytosterol
Prescription pharmaceuticals and degradates
10-Hydroxy-amitriptyline (1) 64520-05-4 8-166 5 415 415 Amitriptyline degradate
Abacavir (1) 136470-78-5 22-444 5 38.1 38.1 Antiviral; reverse transcriptase inhibitor
Acyclovir (1) 59277-89-3 22-444 27 2720 582 Antiviral
Albuterol (1) 18559-94-9 6-121 18 377 268 Bronchodilator
Amphetamine (1) 300-62-9 8-163 45 11900 614 Psychostimulant
Antipyrine (1) 60-80-0 116-2320 23 E 1060 189 Analgesic, antipyretic
Atenolol (1) 29122-68-7 13-266 32 1042 E 178 Beta blocker
Bupropion (1) 34841-39-9 17-356 5 38.8 38.8 Antidepressant
Carbamazepine (1) 298-46-4 4-83 77 E 810 165 Anticonvulsant and mood stabilizer
Carisoprodol (1) 78-44-4 13-250 82 E 3060 322 Muscle relaxant
Desvenlafaxine (1) 93413-62-8 7-150 7 E 656 225 Venlafaxine degradate

(continued)
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Table 2. (Continued)

Detection
RL range Frequency  Maximum median®
Chemical® CASRN® (ng/L) (%) (ng/L) (ng/L) Primary chemical use
5
Diazepam(1) 439-14-5 2-44 E 42.1 E 42.1 Antianxiety, sleep aid, anticonvulsant
Diltiazem (1) 42399-41-7 10204 5 12.0 12.0 Calcium channel blocker
Erythromycin (1) 114-07-8 53-1060 5 204 204 Antibiotic
Fluconazole (1) 86386-73-4 71-1420 50 1520 180 Triazole antifungal
Glipizide (1) 29094-61-9 35-692 5 155 155 Antidiabetic
Glyburide (1) 10238-21-8 4-79 9 25.8 244 Antidiabetic
Loperamide (1) 53179-11-6 11-230 5 47.4 47.4 Antidiarrheal
Lorazepam (1) 846-49-1 116-1160 5 E 4820 E 4820 Antianxiety
Meprobamate (1) 57-53-4 86-1720 36 E 1530 467 Carbamate derivative, anxiolytic
Metaxalone (1) 1665-48-1 15-312 41 1710 303 Muscle relaxant
Metformin (1) 657-24-9 13-262 41 838 395 Antidiabetic
Methadone (1) 76-99-3 7-152 9 1932 981 Synthetic opioid, analgesic
Methocarbamol (1) 532-03-6 9-174 36 1210 144 Muscle relaxant
Methotrexate (1) 59-05-2 52-1050 9 315 254 Antifolate
Metoprolol (1) 51384-51-1 28-550 14 E 461 E 423 Antihypertensive
Nadolol (1) 42200-33-9  81-1620 9 E 319 238 Beta blocker
Nizatidine (1) 76963-41-2 19-380 5 253 253 Acid inhibitor
Oseltamivir (1) 196618-13-0 15-292 9 E 147 E83.3 Antiviral
Paroxetine (1) 61869-08-7 21412 5 E 73.3 E 73.3 Antidepressant
Penciclovir (1) 39809-25-1 40-400 5 E 2140 E 2140 Antiviral
Pentoxifylline (1) 6493-05-6 9-187 23 2841 856 Circulation enhancer (peripheral
blood flow)
Phendimetrazine (1) 634-03-7 31-622 5 E 1110 E 1110 Appetite suppressant
Phenytoin (1) 57-41-0 188-3760 32 2410 274 Antiepileptic
Quinine (1) 130-95-0 79-1600 5 E 284 E 284 Antimalarial, flavorant, mild antipyretic
and analgesic
Sulfadimethoxine (1) 122-11-2 65-1310 18 E 401 183 Antibiotic
Sulfamethizole (1) 144-82-1 104-2080 5 861 861 Antibiotic
Thiabendazole (1) 148-79-8 4-82 55 1770 211 Parisitide, fungicide
Tramadol (1) 27203-92-5 15-302 55 1490 279 Opiate
Triamterene (1) 396-01-0 5-105 18 14.9 12.7 Diuretic
Valacyclovir (1) 124832-26-4  163-3260 5 E 765 E 765 Antiviral
Venlafaxine (1) 93413-69-5 5-90 5 168 168 Antidepressant
Warfarin (1) 81-81-2 6-121 36 E 70 23.0 Anticoagulant, rodenticide
Steroid hormones
cis-Androsterone (2) 53-41-8 0.8 23 125 72.3 Natural androgen
Equilenin (2) 517-09-9 1 5 18 18 Natural equine estrogen, hormone
replacement therapy
Estriol (2) 50-27-1 2 9 6.50 5.01 Natural estrogen
Estrone (2) 53-16-7 0.8 23 145 18.1 Estradiol degradate
Norethindrone (2) 68-22-4 0.8 5 30.1 30.1 Synthetic progestin

“Value in parentheses indicates method: (1) =liquid chromatography—tandem mass spectrometry (LC-MS/MS) pharmaceuticals; (2) = gas chromatography—
tandem mass spectrometry (GC-MS/MS) steroid hormones; (3) = gas chromatography/mass spectrometry (GC/MS) household/industrial chemicals.

"Chemical abstracting service report number.
“Median of detected concentrations.

CEC = contaminant of emerging concern; E =flagged due to concentration being less than the RL or greater than highest point on calibration curve;

RL = reporting limit; Maximum = maximum concentration.

Statistical methods

A one-sided Wilcoxon rank sum test was used to test
for significant differences in distributions of CEC concen-
trations between sample groups [33]. The Wilcoxon rank
sum test is a nonparametric test that can be used to
determine the probability that 1 of 2 sample groups produce
higher observations than the other group [34]. For example, a
null hypothesis used was that there was no statistical
difference in CEC concentrations between sample groups.
The alternate hypothesis is that distributions of CEC
concentrations in one group are significantly less than the
other group. The null hypothesis was rejected in favor of the
alternate hypothesis if the p value attained from the test was
less than or equal to the a-level (significance level). Given the
small number of landfill sites in groups, a p value of 0.10 was
used in the present study to indicate significant differences
between sample groups.

RESULTS AND DISCUSSION

Of the 190 analyzed CECs, 101 (53%) were detected in at
least 1 leachate sample collected during the present study
(Table 2). The 89 CECs not detected are listed in
Supplemental Data, Table S1. Contaminants of emerging
concern were detected in every leachate sample, with the
number of CECs in a single leachate sample ranging from 1 to
58 (median number of CECs=22; Figure 3). Prescription
pharmaceuticals were the most frequently detected chemical
group (accounting for 37% of total detections), followed by
industrial chemicals (21%), household chemicals (17%),
nonprescription pharmaceuticals (17%), plant/animal sterols
(6%), and steroid hormones (3%) (Figure 4). Detected CECs
included 43 prescription pharmaceuticals, 22 industrial
chemicals, 15 household chemicals (including 2 pesticides),
12 nonprescription pharmaceuticals, 5 steroid hormones, and
4 plant/animal sterols (Table 2). From the total 4180 chemical
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Table 3. Summary statistics for surrogate and isotopically labeled compound recoveries from leachate and quality-assurance samples

No. of leachate and

Analytical method quality-assurance samples

No. of surrogates and isotopically
labeled compounds

Percentiles (%)

50th

Minimum 25th (median) 50th Maximum

LC-MS/MS, pharmaceuticals 33
GC-MS/MS, steroid hormones 38
GC/MS, household and 29

industrial chemicals

19 42 96 101 110 159
14 22 67 77 84 101
4 40 49 63 71 80

LC-MS/MS =liquid chromatography—tandem mass spectrometry; GC-MS/MS = gas chromatography—tandem mass spectrometry; GC/MS = gas chromatog-

raphy/mass spectrometry.

measurements possible, 535 CECs were detected, including
200 prescription pharmaceuticals, 111 industrial chemicals,
89 household chemicals, 89 nonprescription pharmaceuticals,
32 plant/animal sterols, and 14 steroid hormone chemicals.

Twenty-one CECs were detected in 40% or more of
leachate samples, including 8 prescription pharmaceuticals,
4 household chemicals, 4 nonprescription pharmaceuticals,
3 industrial chemicals, and 2 plant/animal sterols (Figure 5).
Two nonprescription pharmaceuticals, lidocaine (topical anes-
thetic used to relieve pain and itching) and cotinine (nicotine
degradate), were the most frequently detected chemicals, being
measured in 91% and 86% of samples, respectively. Cariso-
prodol (muscle relaxant), carbamazepine (anticonvulsant and
mood stabilizer), and bisphenol A (component of plastics and
thermal paper) were measured in 77% or more of samples. The
high frequency of detection of these CECs is consistent with
results described in previous landfill studies of CECs in landfill
leachate [1-6,35-37].

Concentrations of CECs ranged over 7 orders of magnitude
(fromng/L to mg/L) in leachate samples (Figure 5). There
were 535 measurements of concentrations of >1ng/L, 527 of
>100ng/L, 244 of >1000ng/L (1 pg/L), 88 of >10000ng/L,
24 of >100000ng/L, 5 of >1000000ng/L (1mg/L), and
1 concentration of >10000 000 ng/L. Household and industrial
chemicals were measured in the highest concentrations,
followed by plant/animal sterols, nonprescription pharmaceu-
ticals, prescription pharmaceuticals, and steroid
hormones (Table 2). Household and industrial chemicals
accounted for 95% of the total measured CEC concentration
(Figure 4). Household and industrial chemicals with maximum
concentrations of >1000000ng/L included bisphenol A
(17200000 ng/L), para-cresol (1580000ng/L), and phenol
(1190000ng/L) (Table 2). Combined concentrations of

bisphenol A, para-cresol, and phenol accounted for 86% of
the total measured CEC concentrations. Measurement of
bisphenol A and para-cresol in landfill leachates at the ug/L
and mg/L concentration range have also been reported by
previous studies [1,5,38,39].

The frequently detected plant/animal sterols (i.e., cholesterol
and 3-B-coprostanol) were measured in concentrations as large as
32300 and 176 000 ng/L, respectively (Figure 5 and Table 2).
Concentrations of the nonprescription pharmaceuticals included
maximum concentrations for lidocaine (47 900 ng/L), acetamin-
ophen (42 600 ng/L), cotinine (30400 ng/L), and pseudoephed-
rine (6200ng/L). Prescription pharmaceuticals were generally
found at smaller concentrations than nonprescription pharma-
ceuticals (Table 2 and Figure 5). Concentrations for the
frequently detected prescription pharmaceuticals amphetamine,
carbamazepine, carisoprodol, fluconazole, thiabendazole, metax-
alone, metformin, and tramadol were generally in the range
of 100ng/L-1000ng/L (Table 2 and Figure 5). The steroid
hormones were detected less frequently (<25% of samples),
with measured concentrations in the range of 10 ng/L-100 ng/L
(Table 2).

Geochemistry

In addition to CECs, final leachate samples from the 22 landfill
sites were analyzed for selected geochemical parameters because
the frequency and concentrations of CECs can be related to a
variety of interconnected chemical and microbiological natural-
attenuation processes. The geochemical characteristics of the
leachate samples had a broad range in concentrations in final
leachate samples collected from these 22 landfills. The pH of final
leachate samples ranged from moderately acidic to moderately
basic (4.5-8.70; Supplemental Data, Table S2). In general,
chloride (CI") and bicarbonate (measured as alkalinity) were the

Table 4. Relative percentage differences (RPDs) between field and replicate samples analyzed for pharmaceuticals, steroid hormones,
and household/industrial chemicals

RPD? percentiles (%)

Replicate sample No. of detections Minimum 25th 50th (median) 75th Maximum
Pharmaceuticals
LF14 8 9 22.0 27.0 32.0 44
LF19 15 0.0 3.0 5.0 26.0 72.0
Hormone steroids
LF14 1 5.0 5.0 5.0
LF19 3 29.0 63.0 82.0
Household/industrial chemicals
LF14 22 2.0 7.0 13.0 41.0 109.0
LF19 6 4 14.0 14.0 15.0 75.0

*RPD = |A—BI/[(A + B)/2] x 100.
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20

No. of detected CECs

=)

Landfill sites

Figure 3. Number of detected contaminants of emerging concern (CECs) in
final leachate samples, sorted from greatest to least number of detections.

most abundant anions; CI” concentrations ranged from 3.3 mg/L
to 7160mg/L, and bicarbonate concentrations ranged from
75 mg/L to 8190 mg/L. The maximum sulfate (S0,>) concen-
tration, 147 mg/L, was measured in the final leachate sample
collected at site LF6. Bromide (Br~') concentrations were
relatively low in most final leachate samples, with some
exceptions; Br~' concentrations exceeded 200 mg/L in samples
collected at 5 landfills. These elevated concentrations of Br~'
may represent a special concern for treatment of leachate by
WWTPs because of the possible creation of brominated
disinfection by products [40].
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Figure 4. Frequency of detection of contaminants of emerging concern
(CECs) by chemical group (red bars) and the percentage of total measured
CEC concentrations (blue bars) in final leachate by chemical group, sorted
by greatest to least number of detections.

Concentrations of NVDOCs, which represent a useful
measure of the bulk organic contaminant compounds in landfill
leachate, varied greatly, from <2mg/L to 1850 mg/L (Supple-
mental Data, Table S2). The final leachate sample collected
at site LF15 contained the highest NVDOC concentration
and also contained the highest concentrations of boron
(25.1 mg/L), arsenic (529 pg/L), chromium (270 pwg/L), rubid-
ium (1400 pg/L), and selenium (580 pg/L) of the final leachate
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more of 22 final leachate samples collected (sorted by greatest to least number of detections within each chemical group).
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samples collected at these landfills, possibly related to the high
percentage of industrial waste accepted at this site (50%;
Table 1). The 3 lowest concentrations of NVDOCs were
measured in samples collected from groundwater monitoring
wells at closed municipal landfills (sites LF11, LF16, and LF17)
and may have been related to dilution and other natural-
attenuation processes associated with leachate mixing with
groundwater. Two active landfills that discharge to sewer pipes
leading to WWTPs produced leachate with NVDOC concen-
trations >1000 mg/L (sites LF2 and LF15). Dissolved organic
carbon can play a role in facilitated transport of both CECs and
trace metals in landfill leachate [1]. Final leachate samples with
the highest NVDOC concentrations also contained relatively
large CI” and sodium concentrations. Sodium was the most
abundant cation in all final leachate samples, with a maximum
concentration of 4000 mg/L, followed by potassium, calcium,
and magnesium. Boron concentrations exceeded 10 mg/L in
6 final leachate samples, with the highest concentrations
corresponding with the highest NVDOC concentrations. This
observation is consistent with previous studies [41] reporting
that boron can be used as a useful tracer of organic wastewater
compounds. Manganese, a known neurotoxin [42], was
measured at concentrations >1 mg/L in 6 final leachate samples.
Other metals measured in concentrations >50 pg/L included
iron, lithium, aluminum, vanadium, chromium, cobalt, nickle,
copper, rubidium, zinc, arsenic, and selenium. Some of these
metals, such as arsenic, have well-known human health effects,
but less is known about the potential effects (on humans and
aquatic organisms) from exposure to mixtures of these
metals [43]. Understanding the distribution of these compounds
in landfill leachate discharged to WWTPs, groundwater, or
rivers, or applied to soils by irrigation is important for assessing
the potential risk of exposure to these compounds to potential
receptors.

The geochemical characteristics of the final leachate samples
showed a much broader range of constituent concentrations than
reported for the fresh leachate in a previous study [1], likely
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reflecting not only source differences but the range in treatment
and storage conditions prior to leachate disposal or discharge.
For example, maximum SOf‘concentrations were an order of
magnitude lower in the final leachate than the maximum
concentrations reported for fresh leachate, whereas the
maximum Br~ concentrations were substantially higher in the
final leachate samples. At 14 of the landfills sampled, NVDOC
concentrations of final leachate were lower than fresh leachate
sampled in a previous study [1]; at 5 sites, however, the NVDOC
concentrations were substantially higher in final leachate than in
fresh leachate. Bicarbonate and iron concentrations of final
leachate were generally lower than in fresh leachate samples in a
previous study [1].

Relation to selected ancillary landfill characteristics

A previous study of 19 active landfills determined that
landfill characteristics such as waste composition, ages of waste,
management strategy, and precipitation can substantially affect
CEC concentrations in fresh leachate [1]. For the present study,
landfill status (active or closed), leachate treatment process
(facultative lagoon, sequential batch reactor), and method of
leachate disposal (WWTP, groundwater, irrigation, river) were
used to group landfills and compare distributions of total CEC
concentrations among the landfill groups (Table 5 and Figure 6).
Whereas the design of the present study was not meant to
provide detailed analysis of leachate storage or treatment
processes, a general assessment of CECs in landfills grouped by
leachate treatment and disposal processes provides a foundation
for more detailed studies about leachate treatment processes and
reductions of CEC concentrations.

Landfills were grouped by whether they were still
operational and actively accepting waste (active) or were no
longer accepting waste (closed; Table 1). The CEC concen-
trations were significantly greater in the 16 active landfills than
in the 6 closed landfills (p =0.05; Figure 6A). The upper
percentiles (>75th percentile) of total concentrations were more
than an order of magnitude higher for final leachate samples

Table 5. Ancillary landfill characteristics, total number of CEC detection, and total CEC concentrations in final leachate for the 22 landfills
sampled in 2011 to 2012

Total CEC Total measured CEC
Landfill ID Landfill type Status Leachate treatment Leachate fate detections concentration (ng/L)
LF1 Municipal Active Facultative lagoon River 6 3220
LF2 Municipal Active Facultative lagoon WWTP 40 6308430
LF3 Municipal Active Continuous, no treatment WWTP 58 5029820
LF4 Private Active Facultative lagoon Irrigation 14 43980
LF5 Private Active Facultative lagoon Irrigation 19 65900
LF6 Municipal Closed Continuous, no treatment Groundwater 9 40490
LF7 Municipal Closed Continuous, no treatment Groundwater 19 46900
LF8 Municipal Active Facultative lagoon WWTP 32 62600
LF9 Private Active Facultative lagoon WWTP 20 65200
LF10 Private Active Sequential batch reactor WWTP 17 17280
LF11 Municipal Closed Continuous, no treatment Groundwater 12 23550
LF12 Municipal Active Facultative lagoon WWTP 13 10490
LF13 Municipal Active Facultative lagoon WWTP 36 534500
LF14 Municipal Closed Continuous, no treatment Groundwater 25 200120
LF15 Private Active Continuous, no treatment WWTP 45 20722770
LF16 Municipal Closed Continuous, no treatment Groundwater 2 7660
LF17 Municipal Closed Continuous, no treatment Groundwater 1 380
LF18 Municipal Active Facultative lagoon Irrigation 37 195470
LF19 Municipal Active Facultative lagoon WWTP 24 18300
LF20 Municipal Active Facultative lagoon WWTP 29 24660
LF21 Private Active Continuous, no treatment WWTP 40 1774980
LF22 Municipal Active Continuous, no treatment WWTP 37 622010

CEC = contaminant of emerging concern; WWTP = wastewater treatment plant.
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Figure 6. Distribution of total measured contaminants of emerging concern
(CECs) of detected CECs in final leachate for the 22 sampled landfills
grouped by (A) landfill active or closed, (B) onsite landfill treatment
process, and (C) leachate disposal practice.

collected from the active landfills than from the closed landfills,
with a median total CEC concentration from the active landfills
of 65 600 ng/L compared with 32 000 ng/L for samples from the
closed landfills (Figure 6A). There are several possible reasons
why leachate from the closed landfills had lower CEC
concentrations than leachate from the active landfills: closed
landfills contain generally older leachate, providing more time
for natural attenuation of CECs; closed landfills received
smaller waste loads; closed landfills were older and received
waste during a time when some of the CECs analyzed were not
in use; and closed landfills were unlined without leachate
collection systems and therefore samples collected from
monitoring wells likely reflect leachate diluted with native
groundwater.

In the United States, there are tens to hundreds of
thousands more closed landfills than active landfills [44,45].
A study of CECs in leachate from landfills accepting waste of
varying ages documented that closed, unlined landfills can be
sources of CECs for many decades after closure [2]. For
example, site LF14 is 1 of the 6 closed landfills sampled in the
present study and has been closed since 1985 (Table 1). Site
LF14 (identified as WLMLF in previous studies) was part of a
well network at a previous US Geological Survey research
site [46] where research was conducted on the biogeochemi-
cal processes in a landfill leachate plume [45]. The sampled
LF14 well was installed below the landfilled waste at the
beginning of a defined groundwater flow path containing
leachate [47]. The CEC measurements from site LF14
contained 25 detectable CECs and a total CEC concentration
of 200000 ng/L (Table 5), which was above the median
detection of 22 CECs (Figure 3) and median total CEC
concentration of 54700ng/L for the 22 sampled landfills.
Three of the 6 closed landfills (sites LF14, LF7, and LF6) had
total measured CEC concentrations >40 000 ng/L in leachate

J.R. Masoner et al.

seeping from unlined landfills and released to surrounding
groundwater (Table 5).

Twelve of the landfills treated leachate prior to disposal, and
10 landfills did not treat leachate prior to disposal. The 50th and
75th percentiles of total CEC concentrations in treated leachate
were 53 300ng/L, and 98 300ng/L, respectively, whereas the
50th and 75th percentiles of total concentrations in untreated
leachate were 124000ng/L and 1490000ng/L, respectively
(Figure 6B). Three of the treated leachate samples had total CEC
concentrations >100 000 ng/L, and 1 treated leachate sample had
a total CEC concentration >1000000ng/L; 5 of the untreated
leachate samples had total CEC concentrations >100000 ng/L
and 3 had total concentrations >1 000000 ng/L (Table 5). It is
important to note that for the 10 landfills that did not treat
leachate, 6 were closed, unlined landfills that were never designed
to treat leachate; thus, a comparison of CEC concentrations in
treated versus untreated leachate samples was done that excluded
the 6 unlined landfills. The CEC concentrations were signifi-
cantly greater in samples of untreated leachate (excluding the
samples from the closed, unlined landfills) than in treated
leachate (p < 0.01).

The high frequency of CEC detection and concentrations in
final leachate samples are cause for concern for the disposal of
leachate directly to the environment or to other pathways that
ultimately lead to the environment (Table 5). The 22 sampled
landfills were grouped into 4 leachate disposal categories:
landfills that disposed leachate to WWTPs (12 landfills);
closed, unlined landfills that disposed leachate to groundwater
(6 landfills); landfills that disposed leachate to land by irrigation
methods (3 landfills); and landfills that disposed leachate to rivers
(1 landfill). The CEC concentrations measured in leachate
disposed to WWTPs were significantly greater (p =0.04) than
CEC concentrations in leachate-contaminated groundwater from
closed landfills (Figure 6C). For the 12 landfills that disposed
leachate to WWTPs, 4 samples had total CEC concentrations
>1000000ng/L (Table 5). The maximum total CEC concentra-
tion for landfills that disposed leachate to WWTPs was
20700000 ng/L; for landfills that disposed leachate to ground-
water (all of which were closed and unlined), the total was
200000ng/L; for landfills that disposed leachate to land by
irrigation, the total was 195 000 ng/L; and for the single landfill
(site LF1) that disposed treated leachate to a river, the total was
3220ng/L (Table 5). Statistical tests comparing CEC concen-
trations between the other groups (3 landfills that disposed
leachate to land by irrigation and the 1 landfill that disposed
leachate to a river) were not done because of the small sample
sizes.

Comparison of CECs in fresh and final leachate

Ten of the 22 landfills sampled in the present study of final
leachate had been previously sampled in a study of 202 CECs in
fresh leachate sampled in 2011 [1]. The CEC dataset from the
prior study of fresh leachate was modified (CECs analyzed in
fresh leachate but not in final leachate were deleted) so a
comparison of the same 190 CECs analyzed in the present study
of CECs in final leachate could be done. Generally, CECs were
detected less frequently and at lower concentrations in final
leachate than in fresh leachate (Figures 7 and 8 and Table 6).
There were 3 landfills (sites LF3, LF13, and LF15) at which
more CECs were detected in final leachate samples than in fresh
leachate samples (Figure 7). A possible reason for more CECs
being detected more frequently in these 3 landfills could be that
final leachate samples may represent composite samples from
all leachate collection cells (where these other cells could have
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Figure 7. Number of contaminants of emerging concern (CECs) detected
in fresh leachate [1] (blue bars) and final leachate (red bars) sampled at
10 landfills for both studies, 2011 to 2012.

had greater CEC concentrations), whereas most of the fresh
leachate samples were collected from individual landfill cells
to obtain fresh leachate samples as close to the waste source as
possible [1]. These observations underscore the importance of
potential spatial and temporal heterogeneity of leachate
composition in a comparison of the 2 study datasets.

The sum of all detected CECs in the 10 final leachate
samples was 307, whereas the sum of all detected CECs in the
10 fresh leachate samples was 413 (Table 6). The number of
individual CECs detected in final leachate samples ranged from
6 to 58, whereas the number of CECs detected in fresh leachate
samples ranged from 16 to 80. There were 21 individual CECs
measured in 50% or more of the final leachate samples, whereas
31 individual CECs were measured in 50% or more of the fresh
leachate samples.

Concentrations of CECs measured in fresh leachate samples
were significantly greater than concentrations measured in final
leachate samples (p = 0.06). For the 77 CECs that were detected in
both final and fresh leachate samples, 82% of the total CEC
concentrations were less in final leachate samples than CEC
concentrations in the fresh leachate samples. The range of total
CEC concentrations in fresh leachate samples spanned 2 orders of
magnitude, whereas the range of total CEC concentrations in
final leachate samples spanned over 4 orders of magnitude
(Figure 8). The median total CEC concentration in final leachate
(300000ng/L) was 9 times less than the median total CEC
concentration in fresh leachate (2660000ng/L). There were
5 final leachate samples that had total CEC concentrations of
>100000ng/L, 4 of >1 000000 ng/L,and 1 of >10000 000 ng/L,
whereas all 10 fresh leachate samples had total CEC concen-
trations of >100000ng/L, 6 of >1000000ng/L, and 2 of
>10000000ng/L.
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CONCLUSIONS

Analysis of 190 CECs in leachate samples collected from
22 landfills indicates that final leachate (leachate effluent
disposed offsite to environmental pathways or to wastewater
treatment plants) is composed of complex mixtures of CECs
that reflect the heterogeneous nature of residential, industrial,
and commercial waste disposed into landfills. Final leachate
samples contained 101 of the 190 CECs analyzed (53%),
including 43 prescription pharmaceuticals, 22 industrial
chemicals, 15 household chemicals (including 2 pesticides),
12 nonprescription pharmaceuticals, 5 steroid hormones, and
4 animal/plant sterols. Household and industrial chemicals were
measured in greatest concentrations (~1000-1 000000 ng/L),
followed by plant/animal sterols (~1000-100 000 ng/L), non-
prescription pharmaceuticals (~100-10 000 ng/L), prescription
pharmaceuticals (~10-10000ng/L), and steroid hormones
(~10-100 ng/L).

Final leachate samples collected from landfills still in
operation and actively accepting waste had significantly
greater (p =0.05) CEC concentrations than samples collected
from closed, unlined landfills. The CEC concentrations in
leachate from closed, unlined landfills may be related to less
controlled, more dynamic environments open to the combined
influence of precipitation and natural attenuation processes

Table 6. Summary of contaminants of emerging concern (CECs) detection and total concentration of CECs in fresh and final leachate
sampled at 10 landfills, 2011 and 2012

Percentiles (%)

Fresh/final leachate Total Minimum 25th 50th (median) 75th Maximum
Detected CECs (n)
Fresh® 413 16 30 32 49 80
Final® 307 6 18 34 50 58
Total CEC concentration (ng/L)
Fresh® 42 400 000 195 107 619 721 2 660 000 6 123 241 13 218 580
Final® 34 500 000 3219 28 614 300 000 4216 106 20 722 771

“Data from Masoner et al. [1].
®Leachate sampled for the present study.
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associated with mixing of groundwater. Although concen-
trations of CECs in final leachate from closed, unlined
landfills were generally less than concentrations from landfills
actively receiving waste, the frequency of detection and
concentrations of CECs in leachate from closed, unlined
landfills is still cause for concern. The number of detections
and concentrations of CECs in samples from 3 of the 6 closed,
unlined landfills indicate that closed, unlined landfills are
likely sources of numerous CECs to adjoining groundwater.
The CEC concentrations in untreated leachate were signifi-
cantly greater (p <0.01) than CEC concentrations in treated
leachate. For landfills grouped by leachate disposal method,
there generally were greater CEC concentrations in leachate
disposed to WWTPs than in leachate from closed, unlined
landfills that disposed to groundwater (p =0.04), in leachate
disposed to land by irrigation methods, and in leachate
disposed to a river.

Comparison of CEC concentrations between paired fresh
leachate samples (reported in a previous study) and final
leachate samples (the present study) that were available from
10 of the 22 landfills in the present study documented that CEC
concentrations were significantly (p =0.06) greater in fresh
leachate compared with CEC concentrations measured in final
leachate. Although CEC concentrations in final leachate were
significantly less than CEC concentrations in fresh leachate,
the results from the present study indicate that final leachate,
which is often directly or indirectly discharged to aquatic or
terrestrial environments, still contains complex mixtures of
CECs and trace elements that may be cause for concern to
potential biologic receptors (e.g., additivity, synergy, antago-
nism, potentiation).

Determining the complex mixtures of CECs in final leachate,
understanding the difference in leachate concentrations between
lined and unlined landfills, evaluating the offsite load of CECs
to WWTPs from lined landfills, and evaluating the transport
of CECs to groundwater from unlined landfills provide a
foundation and context for evaluating landfills as environmental
sources of CECs. The results of the present study provide useful
precedents for future investigations of the fate, risk, and toxicity
of CECs in landfill leachate as they directly or indirectly enter
aquatic and terrestrial environments. Such research provides
information that can be used to support decisions about the
regulation of unwanted/unused pharmaceuticals and leachate
treatment methods; better understanding of the fate of CECs in
leachate in landfill systems; and better understanding of the
ecological effects posed by disposal of leachate to potential
environmental receptors.

SUPPLEMENTAL DATA
Tables S1-S2. (117 KB XLSX).

Acknowledgment—Access to landfill sites and sampling was gained through a
collaborative effort that included private solid-waste companies, state
environmental agencies, and county and municipal governments. The review
comments of J. Smith, W. Andrews, and S. Branham greatly improved this
manuscript. This project was supported by the US Geological Survey Toxic
Substances Hydrology Program. Special thanks are given to J. Jaeschke and
K. Smith for helping with preparation of sampling equipment, supplies, and
analysis of geochemical analytes.

Disclaimer—Any use of trade, product, or firm names in this publication is
for descriptive purposes only and does not imply endorsement by the US
Government.

Data availability—All data are archived and publically available in the US
Geological Survey National Water Information System.

13.

14.

15.

16.

17.

19.

20.

21.

22.

23.

J.R. Masoner et al.

REFERENCES

. Masoner JR, Kolpin DW, Furlong ET, Cozzarelli IM, Schwab EA,

Gray JL. 2014. Contaminants of emerging concern in fresh leachate
from landfills in the conterminous United States. Environ Sci Process
Impacts 16:2335-2354.

. Andrews WIJ, Masoner JR, Cozzarelli IM. 2012. Emerging contam-

inants at a closed and an operating landfill in Oklahoma. Ground Water
Monit R 32:120-130.

. Barnes KK, Christenson SC, Kolpin DW, Focazio MJ, Furlong ET,

Zaugg SD, Meyer MT, Barber LB. 2004. Pharmaceuticals and other
organic waste water contaminants within a leachate plume down-
gradient of a municipal landfill. Ground Water Monit R 29:119-126.

. Buszka PM, Yeskis DJ, Kolpin DW, Furlong ET, Zaugg SD,

Meyer MT. 2009. Waste-indicator and pharmaceutical compounds in
landfill-leachate-affected ground water near Elkhart, Indiana, 2000—
2002. Bull Environ Contam Toxicol 82:653-659.

. Eggen T, Moeder M, Arukwe A. 2010. A significant source for new

and emerging pollutants. Sci Total Environ 408:5147-5157.

. Huset AH, Barlaz MA, Barofsky DF, Field JA. 2011. Quantitative

determination of fluorochemicals in municipal landfill leachates.
Chemosphere 82:1380-1386.

. Gavrilescu M, Demnerova K, Aamand J, Agathos S, Fava F. 2015.

Emerging pollutants in the environment: Present and future challenges
in biomonitoring, ecological risks and bioremediation. New Biotechnol
32:147-156.

. Pal A, Gin KY-H, Lin AY-C, Reinhard M. 2010. Impacts of emerging

organic contaminants on freshwater resources: Review of recent
occurrences, sources, fate and effects. Sci Total Environ 408:
6062-6069.

. LiuJ-L, Wong M-H. 2013. Pharmaceuticals and personal care products

(PPCPs): A review on environmental contamination in China. Environ
Int 59:208-224.

. Kong L, Kadokami K, Wang S. Duong HT, Chau HTC. 2015.

Monitoring of 1300 organic micro-pollutants in surface waters from
Tianjin, North China. Chemosphere 122:125-130.

. Fuhrman VF, Tal A, Arnon S. 2015. Why endocrine disrupting

chemicals (EDCs) challenge traditional risk assessments and how to
respond. J Hazard Mater 286:589-611.

. Vasquez MI, Lambrianides A, Schneider M, Kiimmerer K, Kassinos-

Fatta D. 2014. Environmental side effects of pharmaceutical cocktails:
‘What we know and what we should know. J Hazard Mater 279:169—-189.
Boxall ABA, Rudd MA, Brooks BW. 2012. Pharmaceuticals and
personal care products in the environment: What are the big questions?
Environ Health Perspect 120:1221-1229.

Diamond JM, Latimer HAII, Munkittick KR, Thornton KW, Bartell SM,
Kidd KA. 2011. Prioritizing contaminants of emerging concern for
ecological screening assessments. Environ Toxicol Chem 30:2385-2394.
Kiimmerer K. 2010. Pharmaceuticals in the environment. Annu Rev
Environ Resour 35:57-75.

Sengupta A, Lyons JM, Smith DJ, Drewes JE, Snyder SA, Heil A,
Maruya KA. 2014. The occurrence and fate of chemicals of emerging
concern in coastal urban rivers receiving discharge of treated municipal
wastewater effluent. Environ Toxicol Chem 2:350-358.

Fong PP, Bury TB, Dworkin-Brodsky AD, Jasion CM, Kell RC. 2015.
The antidepressants venlafaxine (“Effexor”) and fluoxetine (“Prozac”)
produce different effects on locomotion in 2 species of marine snail, the
oyster drill (Urosalpinx cinerea), and the starsnail (Lithopoma
americanum). Mar Environ Res 103:89-94.

. Brodin T, Fick J, Jonsson M, Klaminder J, 2013. Dilute concentrations

of a psychiatric drug alter behavior of fish from natural populations.
Science 339:814-815.

Kidd KA, Blanchfield PJ, Mills KH, Palace VP, Evans RE, Lazorchak
JM, Flick RW. 2007. Collapse of a fish population after exposure to a
synthetic estrogen. Proc Natl Acad Sci U S A 104:8897-8901.
Jonsson M, Fick J, Klaminder J, Brodin T. 2014. Antihistamines and
aquatic insects: Bioconcentration and impacts on behavior in damselfly
larvae (Zygoptera). Sci Total Environ 472:108-111.

Rosi-Marshall EJ, Kincaid DW, Bechtold HA, Royer TV, Rojas M,
Kelly JJ. 2013. Pharmaceuticals suppress algal growth and microbial
respiration and alter bacterial communities in stream biofilms. Ecol
Appl 23:583-593.

Simmons DB, Marlatt VL, Trudeau VL, Sherry JP, Metcalfe CD. 2010.
Interaction of galaxolide with the human and trout estrogen receptor-a.
Sci Total Environ 408:6158-6154.

Tillitt DE, Papoulias DM, Whyte JJ, Richter CA. 2010. Atrazine
reduces reproduction in fathead minnow (Pimephale spromelas). Aquat
Toxicol 99:149-159.



CECs in final leachate from landfills in the USA

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

Pomati F, Castiglioni S, Zuccato E, Fanelli R, Vigetti D, Rossetti C,
Calamari D. 2006. Effects of a complex mixture of therapeutic drugs at
environmental levels on human embryonic cells. Environ Sci Technol
40:2442-2447.

Matejczyk M, Plaza GA, Naleca-Jawecki G, Ulfig K, Markowska-
Szczupak A. 2011. Estimation of environmental risk posed by landfills
using chemical, microbiological and ecotoxicological testing of
leachates. Chemosphere 82:1017-1023.

Oliveira LF, Silva SM, Martinez CB. 2014. Assessment of domestic
landfill leachate toxicity to the Asian clam Corbicula fluminea via
biomarkers. Ecotox Environ Safe 103:17-23.

Gorelick DA, Iwanowicz LR, Hung AL, Blazer VS, Halpern ME. 2014.
Transgenic zebrafish reveal tissue-specific differences in estrogen
signaling in response to environmental water samples. Environ Health
Perspect 122:356-362

Barber LB, Brown GK, Nettesheim TG, Murphy EW, Bartell SE,
Schoenfuss HL. 2011. Effects of biologically-active chemical mixtures
on fish in a wastewater-impacted urban stream. Sci Total Environ 409:
4720-4728.

Niemuth NJ, Jordan R, Crago J, Blanksma C, Johnson R, Klaper RD.
2015. Metformin exposure at environmentally relevant concentrations
causes potential endocrine disruption in adult male fish. Environ
Toxicol Chem 34:291-296.

Furlong ET, Noriega MC, Kanagy CJ, Kanagy LK, Coffey LJ,
Burkhardt MR. 2014. Determination of human-use pharmaceuticals in
filtered water by direct aqueous injection-high-performance liquid
chromatography/tandem mass spectrometry. US Geological Survey
Techniques and Methods, book 5, Chapter B10. Reston, VA.
Foreman WT, Gray JL, ReVello RC, Lindley CE, Losche SA, Barber LB.
2012. Determination of steroid hormones and related compounds in
filtered and unfiltered water by solid-phase extraction, derivatization, and
gas chromatography with tandem mass spectrometry. US Geological
Survey Techniques and Methods, book 5, Chapter B9. Reston, VA.
Zaugg SD, Smith SG, Schroeder MP, Barber LB, Burkhardt MR. 2007.
Methods of analysis by the U.S. Geological Survey National Water
Quality Laboratory—Determination of wastewater compounds by
polystyrene-divinylbenzene solid-phase extraction and capillary-col-
umn gas chromatography/mass spectrometry. US Geological Survey
Water-Resources Investigations Report 01-4186. Denver, CO.
Wilcoxon F. 1945. Individual comparisons by ranking methods.
Biometrics Bull 1:80-83.

Helsel DR, Hirsch RM. 1992. Statistical Methods in Water Resources.
Elsevier, Amsterdam, The Netherlands.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Environ Toxicol Chem 9999, 2015 13

Paxeus N. 2000. Organic compounds in municipal landfill leachates.
Water Sci Technol 42:323-333.

Schwarzbauer J, Heim S, Brinker S, Littke R. 2002. Occurrence and
alteration of organic contaminants in seepage and leakage water from a
waste deposit landfill. Water Res 36:2275-2287.

Welander U. 1997. Identification by gas chromatography of organic
constituents in leachates from sanitary landfills. Resour Environ
Biotechnol 1:283-296.

Swati M, Rema MT, Kurian J. 2008. Hazardous organic compounds in
urban municipal solid waste from a developing country. J Hazard
Mater 160:213-219.

Baun A, Ledin A, Reitzel LA, Bjerg PL, Christensen TH. 2004.
Xenobiotic organic compounds in leachates from 10 Danish MSW
landfills—Chemical analysis and toxicity tests. Water Res 38:
3845-3858.

Hladik ML, Focazio MJ, Engle M. 2014. Discharges of produced
waters from oil and gas extraction via wastewater treatment plants are
sources of disinfection by-products to receiving streams. Sci Total
Environ 466:1085-1093.

Schaider LA, Rudel RA, Ackerman JM, Dunagan SC, Brody JG. 2014.
Pharmaceuticals, perfluorosurfactants, and other organic wastewater
compounds in public drinking water wells in a shallow sand and gravel
aquifer. Sci Total Environ 468:384-393.

Villanueva CM, Kogevinas M, Cordier S, Templeton MR,
Vermeulen R, Nuckols JR, Levallois P. 2014. Assessing exposure
and health consequences of chemicals in drinking water: Current
state of knowledge and research needs. Environ Health Perspect 122:
213-221.

Toccalino PL, Norman JE, Scott JC. 2012. Chemical mixtures in
untreated water from public-supply wells in the U.S.—Occurrence,
composition, and potential toxicity. Sci Total Environ 431:262-270.
Suflita JM, Gerba CP, Ham RK, Palmisano AC, Rathje WL,
Robinson JA. 1992. The world’s largest landfill. Environ Sci Technol
26:1486-1495.

Cozzarelli IM, Bohlke JK, Masoner JR, Breit GN, Lorah MM, Tuttle
MLW, Jaeschke JB. 2011. Biogeochemical evolution of a landfill
leachate plume, Norman, Oklahoma. Ground Water 49:663—687.

US Geological Survey. 2013. Toxic Substances Hydrology Program
research project: Biogeochemical and geohydrologic processes in a
landfill-impacted alluvial aquifer, Norman, Oklahoma. [cited 2015
August 14]. Available from: http://ok.water.usgs.gov/projects/norlan/
Masoner JR, Cozzarelli IM. 2015. Spatial and temporal migration of a
landfill leachate plume in alluvium. Water Soil Air Pollut 226:1-15.



