The relationship between MX [3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone], routinely monitored trihalomethanes, and other characteristics in drinking water in a long-term survey.
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ABSTRACT
MX (3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone) is a drinking water disinfection by-product (DBP).  It is a potent mutagen and is of concern to public health.  Data on MX levels in drinking water, especially in the UK, are limited.

Our aim was to investigate factors associated with variability of MX concentrations at the tap, and to evaluate if routinely measured trihalomethanes (THMs) are an appropriate proxy measure for MX.  

We conducted quarterly water sampling at consumers’ taps in eight water supply zones in and around Bradford, UK, between 2007 and 2010.  We collected 79 samples which were analysed for MX using GC-HRMS.  Other parameters such as pH, temperature, UV-absorbance and free chlorine were measured concurrently, and total THMs were modeled from regulatory monitoring data. 

To our knowledge this is the longest MX measurement survey undertaken to date. Concentrations of MX varied between 8.9 and 45.5 ng/L with a median of 21.3 ng/L. MX demonstrated clear seasonality with concentrations peaking in late summer/early fall.  Multivariate regression showed that MX levels were associated with total trihalomethanes, UV-absorbance and pH.  However, the relationship between TTHM and MX may not be sufficiently consistent across time and location, for TTHM to be used as a proxy measure for MX in exposure assessment.
TOC/ABSTRACT ART
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INTRODUCTION
The formation of MX (3-Chloro-4-(dichloromethyl)-5-hydroxy-2(5H)-furanone) during the chlorination of water was first discovered as a result of the observation that bleaching of sewage from wood pulp caused strong mutagenic activity of the waste water.1 The compound was later identified as a disinfection by-product (DBP) in chlorinated drinking water.2, 3 MX is a minor component of the highly complex mixture of DBPs by concentration, but it can give rise to a considerable proportion of the total mutagenicity. Estimates of mutagenicity attributable to MX in various chlorinated drinking water samples from the US, Finland, Australia, China, Japan, Russia, Spain and the UK have ranged from 2% to 67%.4  

Exposure to drinking water mutagenicity has been associated with increased risks of bladder and kidney cancer in humans,5 and reduced birth weight and increased risk of small-for-gestational age,6 which could reflect exposure to MX or other mutagenic DBPs, or a mixture of these.  MX is a potent direct-acting genotoxicant, and has been shown to have promoter activity, to induce oxidative stress, and to be the most potent carcinogen of all the DBPs in animal studies.7  MX has also been classified as possibly carcinogenic to humans.8  MX induces point mutations in human cells in vitro, and is capable of inactivating tumour-suppressor genes.9  MX and its analogs have been ranked as DBPs of priority concern .10, 11  The contribution of MX to toxicity in drinking water may vary according to the specific DBP mixture in a drinking water system, but given its genotoxic and carcinogenic potential, MX is of interest from a public health perspective and it is important to understand how it relates to more prevalent DBPs, such as trihalomethanes (THMs).

Previous studies have examined the factors influencing MX formation in simulated laboratory chlorination.12-14  The aim of this paper was to investigate the factors associated with variability of MX concentrations in public drinking water supplies at the tap, in order to inform and improve exposure assessment in epidemiological studies of DBPs, and to understand if routinely measured trihalomethanes (THMs) are an appropriate surrogate for epidemiological inference regarding possible health risks of MX.  This paper presents occurrence data for MX in samples collected in the North of England between 2007 and 2010.  It addresses a data gap, as there is little information on MX concentrations in drinking water supplies in the UK. To our knowledge, it is the longest MX measurement survey undertaken worldwide to date, thus providing a unique opportunity to evaluate long-term temporal variation of MX.

MATERIALS AND METHODS
Sampling
MX sampling at the tap was undertaken as part of a larger water sampling campaign covering a suite of DBPs.15 The study area supplied by Yorkshire Water company covered 8 Water Supply Zones (WSZs, supplying <50,000 people) in and around Bradford in the North of England.  Two WSZs were supplied solely by water treatment plant A, four WSZs are supplied solely by treatment plant B, one WSZ is supplied by a mixture of treated water from A and B and one WSZ supplied by a mixture of A and up to 3 further plants. Disinfection was via dosing of either chlorine or sodium hypochlorite. The raw water is drawn from a mixture of upland surface water sources.

MX samples were collected quarterly from Quarter 3 of 2007 to Quarter 1 of 2010.  In total, 79 samples were collected. The location for sample collection in each WSZ was chosen by a random address generator from the water company’s customer database, in accordance with standard regulatory monitoring.  Sampling locations thus differ for each quarter and are customer addresses (residential and business).  All samples are finished drinking water at the point of use.

Together with MX concentrations, a large range of water parameters such as pH, temperature, UV-absorbance, free and total chlorine, conductivity, bromide, colour and turbidity were measured concurrently. 

Analytical Methods
GC-HRMS determination of MX 
The first version of the MX method was published more than 10 years ago 16 and a short version of improvements more recently.17 Full details of sample pretreatment, instrumental analysis, quantification and quality control are given in the Supporting Information and only a brief description here.

MX samples were collected in a 250 ml polyethylene bottle to which ammonium sulphate was added prior to sampling.  Samples were then acidified to pH 2-3 with HCl and frozen at -20°C until analysis. Thawed samples were pumped with tubing pump through a train of 0.45 µm syringe filter, Waters Sep-Pak Plus tC18 cartridge (tC18) and Waters Oasis HLB Plus cartridge. The HLB cartridge was dried with air and MX was eluted from it with acetone that was evaporated to dryness.  Internal standard (13C labelled 2,4,5-trichlorophenol), 4% H2SO4-isopropanol, nonane and hexane were added to extracts. MX and internal standard were isopropylated at 85°C for 1 hour. Then ultrapure water and more hexane were added, and mixed. Hexane phase was separated, washed with ultrapure water, dried with sodium sulfate, evaporated to a volume of about 500 µl, and transferred to autosampler vials. Recovery standard PCB-30 was added, and solvent was concentrated to 50 µl in nonane.

Instrumental analysis was performed with gas chromatograph (Hewlett Packard 6890) coupled to high resolution mass spectrometer (Waters Autospec Ultima).  The column used was Agilent DB-5MS (20 m, i.d. 0.18 mm, film 0.18 µm).

Final results were calculated by standard addition.  Limit of quantification for MX was 0.5 ng/L. For quality control one ultrapure water reagent blank and one spiked Kuopio tap water control sample (10ng/l of MX added) were analysed in each batch of samples. Blank levels were negligible. Average spike recovery in 15 batches of samples was 98%, and relative standard deviation of recoveries was 18%. Uncertainty of measurement was 51%.

Free and total chlorine were measured in situ by DPD visual comparator test kit. pH and temperature were recorded in situ using a pH meter (Hanna HI-98128 waterproof pHep pH/c meter).  UV-absorbance was measured by UV at 254nm, TOC was measured by chemical oxidation/infra-red spectrometry, bromide by ion chromatography, colour and turbidity by spectrometry, and conductivity by potentiometry.  

Modelled Total Trihalomethanes
Routine regulatory monitoring data for THMs from samples collected from customers’ taps in the distribution system were provided by Yorkshire Water for the 8 WSZs in the study area.  Thus, all data used in this study reflects measurements from taps in the distribution system.  Regulatory drinking water sampling, analytical testing and data quality is subject to independent audit by the United Kingdom Drinking Water Inspectorate (DWI)..

This routine THM monitoring dataset contained 358 sample points across the years 2006 to 2010. In order to estimate THM concentrations for those months in which no data were collected and in order to provide robust estimates of the monthly concentrations in each WSZ, a predictive model was used.  Any bromoform or DBCM values below the limit of quantitation (LOQ) were treated as zero concentration. No sample points were below LOQ for chloroform or BDCM.  Total trihalomethane (TTHM) for each sample point was calculated as the sum of chloroform, bromodichloromethane (BDCM), dibromochloromethane (DBCM) and bromoform. TTHM levels ranged from 14.2 to 95.6 µg/L. The data points were approximately evenly distributed across the WSZs, months and years. Log-transformed TTHM was modelled using linear regression (in the statistical package R), with a spline in month, a factor for year and a factor for WSZ included in order to provide monthly WSZ-specific concentrations.  The predictive model was validated using 10-fold cross-validation20 (i.e. splitting the data into 10 parts and using 9 parts to predict the 10th, repeated 10 times) for the R2.  The predictive model gave an R2 value (calculated using 10-fold cross-validation) for observed versus predicted values of 0.76, indicating a close fit to the routine THM monitoring data.  This R2 reflects the predictive performance within this routine monitoring dataset; we would expect performance when predicting the unobserved TTHM concentrations in the actual MX tap samples to be slightly lower.  Other water characteristics were excluded from the predictive models in order to avoid confounding any relationship between MX and the predicted TTHM in the planned analysis. The model generated month and WSZ specific estimates of TTHM concentrations which were then linked to corresponding MX samples. 

Statistical Analysis
All statistical analyses were conducted using R 2.15.2.21 In descriptive analyses, continuous variables (predicted TTHM, pH, free, total and combined chlorine, UV-absorbance, and temperature) were categorised into tertiles, and due to the skewness of the MX data, geometric means are presented. Analysis of variance (ANOVA) tests were undertaken for each variable independently and the percentage of log(MX) variability explained and the overall p-values were obtained.  The percentage of MX variability explained by a particular variable was calculated from ANOVA as the sum of squares for the variable of interest divided by the total sum of squares.

Scatter plots of MX against continuous variables  were produced with a Lowess smooth (a locally weighted regression) to aid interpretation of the relationship between variables.  In boxplots of MX concentration by categorical variables, the width of box is proportional to the square root of the number of observations contributing to that category.

Univariate and multivariate regression were undertaken after log transforming the MX values to examine predictors of MX variation.  Year, quarter, total chlorine, free chlorine, combined chlorine, pH, temperature, UV-absorbance, predicted TTHM, colour, and conductivity were considered as potential covariates in multivariate models. Multivariate models were selected via a stepwise model selection procedure using the Akaike Information Criteria (AIC). Leave-one-out cross validation using the current dataset was undertaken in order to obtain a valid value of R2, i.e. validate the percentage of variability explained by the multivariate models.

RESULTS AND DISCUSSION
MX occurrence.  MX was detected well above the limit of quantification in all 79 samples.  Concentrations of MX ranged from 8.9 to 45.5 ng/L with a median of 21.3 ng/L.  These levels are consistent with, and within maximum range of, distribution system samples in Finland (range 15-67 ng/L),22  the US (mean 28 ng/L, range 4 - 80 ng/L),23 Spain (median 16.7 ng/L, range 0.8-54.1 ng/L),24 Canada (range not detected-141 ng/L)25 but well below the extremely high levels (mean 180 ng/L) reported in Russia,26 and a US sampling survey (up to 850 ng/L) targeting plants/distribution systems fed by TOC rich waters.27, 28  The only available data on levels of MX occurring in the UK drinking water supply are from a 1990 survey of 11 treatment plant samples, in which concentrations ranged from 1-48 ng/L.29  This range is similar to the present study, tentatively suggesting that over the long-term there has been little change in MX levels in UK drinking waters.

Temporal variation. There is clear evidence of a seasonal trend with MX concentrations peaking in Quarter 3, i.e. late summer/early fall, in our study area (Figure 1, part A).  This is similar to a general pattern of higher MX concentrations in summer compared to winter observed in Canada in 2007 (means 32 ng/L and 12 ng/L for summer and winter respectively).25  In contrast, Wright et al.23 reported higher MX concentrations in spring compared to fall in Massachusetts, US (mean 31 ng/L and 22 ng/L respectively). Patterns of seasonal variation may vary according to the pathway by which the specific humic organic matter associated with MX formation enters the raw water, or variation in average seasonal temperatures, or variation in chlorine dosing, and these may differ by geographical location. 

MX shows very similar temporal variation to TTHM, in the study area (Figure 2). Month and year explain 59% of variability in MX concentrations (p<0.01) (Table 1). If the year and month elements are separated out, a smaller percentage of the variability is explained by year of sampling but results suggest an overall increase in MX concentrations in 2009 compared to 2008 (Figure 1, part B).  Comparisons with annual averages for 2007 and 2010 are not valid, because samples were not collected for all quarters in 2007 and 2010.

To our knowledge, the present study is the longest MX measurement survey undertaken.  With regular quarterly sampling over a 2.5 year timeframe, it has provided a unique opportunity to evaluate long-term temporal variation.  As far as the authors are aware, only Wright et al.23 have collected a comparable number of samples (n=88) but, with a shorter timeframe and fewer sampling windows (Spring 1997, Spring 1998, Fall 1998), their data have limited ability to assess temporal variation within and between years.

Other DBP species. MX was positively correlated (r=0.60, p<0.001) with modelled TTHM estimates (Figure 3, part A), which explained 40% of MX variability (p<0.01) (Table 1).  In our study area, chloroform comprised the majority (mean fraction 80.75%) of TTHM, with BDCM, DBCM and bromoform contributing 16.17%, 3.00% and 0.08% respectively.  The correlation we observe is similar to a correlation of 0.65 between chloroform and MX reported by Villanueva et al.24, and a correlation of 0.7 between chloroform and MXsum (MX + ZMX + EMX) reported by Onstad et al.28 in plant effluent samples, but higher than a correlation of 0.37 between TTHM and MX reported by Wright et al.23, which suggests that the relationship between TTHM and MX may vary by geographical location.  However, whilst the correlation found here was similar to some previous work, it must be emphasised that the TTHMs used here were modelled values representing a WSZ-level and month average, therefore within-WSZ variation between taps and within-month variability for THMs mean that the correlation (and regression coefficients) can only be viewed as an approximation of the underlying relationship.  
 
pH. Figure 3 (part B) suggests a possible U-shaped relationship between MX and pH, with  minimum MX values around pH 7.9-8.0. The tertile groupings in Table 1 are not sufficiently aligned with this minimum to explain a significant percentage of variability, but using a linear spline to check the relationship we observed that pH explains 10% of the variability in MX.  This could be an artefact of the data, however we note a similar U-shaped pattern in Wright et al.23 with mean MX concentrations of 35.89 ng/L, 21.9 ng/L, 28.9 ng/L in the pH categories 5.66-7.39, 7.4-8.16 and 8.17-9.90 respectively.  Our data do not include pH values lower than 7.4, whereas in Wright et al. 23 the pH values go as low as 5.66, therefore if the U-shaped relationship is true and not artefactual we would predict to see a ‘flatter’ U-shaped relationship in our data compared to the US, which is indeed what we see.  A U-shaped relationship, although slightly differently located, was observed in the early MX-stability studies over a wide pH range. MX has a local stability minimum around pH 6 -7, and is more stable around pH 8.  At and above pH 10 hydrolytic degradation increases drastically.   However, temperature is also very important for MX stability, at low temperatures degradation can be slow even at pH 9.2, 30 

A strong influence of pH on MX formation during laboratory simulated chlorination has previously been observed, with MX formation usually favoured by chlorination at acidic conditions, but with no MX detected when chlorination was performed at neutral or alkaline conditions.13, 14  Previous studies find that MX is relatively stable at acidic pH (≤4), but is degraded at neutral and alkaline conditions, although not monotonically.2, 30-32  Speciation of MX is also dependent on pH with ring forms of MX favoured at pH < 7, whereas open forms are favoured at pH > 7.28  In short, pH appears to be influential to both MX formation and degradation, and therefore also concentration.

Free, total and combined chlorine. 
MX concentrations decrease slightly across increasing total and free chlorine tertiles (Table 1).  However, scatter plots suggest that overall the relationship is weak for both total chlorine and free chlorine (Figure 3, part C and D), with neither explaining much variability in MX (Table 1).  A scatter plot of combined chlorine (the difference between total and free chlorine) versus MX revealed no relationship (Figure S1, part A, Supporting Information).  Total, free and combined chlorine were allowed as possible explanatory variables in the multivariate model selection process.  Previous studies observe MX concentration to be associated with chlorine dose,13, 23 but not with chlorine residual in the distribution system.23

Organic content.  UV-absorbance, colour and total organic carbon (TOC) are all indicators of organic content, and were highly intercorrelated in this dataset (correlation coefficients ≥ 0.73).  There was a positive linear relationship between MX and UV-absorbance, which explained 30% variability in MX concentrations (p<0.01) (Table 1, Figure 3 part E).  Colour and TOC showed similar associations with MX (Figure S1, part B and C, Supporting Information). Consistent with our data, positive relationships between TOC and MX have previously been observed.13, 23  We cannot comment on the influence of specific types of organic matter in our study, but Xu et al.12 have previously identified aquatic humic substances and in particular fulvic acids in the organic matter being the strongest contributors to MX formation in chlorinated natural waters.

Temperature. Temperature explained 14% (p<0.01) of the variability in MX concentrations (Table 1).  MX appeared to increase non-linearly with increasing temperature (Figure 3, part F), which is consistent with laboratory findings that MX formation increases with temperature (up to 45 oC after which MX stability decreases).13  In contrast, Wright et al.23 found the highest levels of MX corresponded to the category with the lowest temperature (1.1-6.7 oC), however few of our samples were in this temperature range.

Water Supply Zone and Treatment Plant. Little or no variability was explained by either WSZ (0%, p-value 0.947) or Treatment Plant supply (0.2%, p-value 0.675) (Figure S2, part A and B, Supporting Information). This is as expected since the treatment processes were broadly the same and the raw water used was from similar surface water sources in a relatively compact geographical area. A difference between levels seen in two WSZs which were supplied by the same treatment plant may have been due to differences in the positions of the WSZs in the distribution network but there were insufficient data to evaluate this. 

Other water parameters.    Bromide levels were low with only 6 out of 79 samples exceeding the limit of detection, with a maximum value of 0.035 mg/L, and thus bromide has not been used further due to insufficient variability and also due to low potential for the formation of brominated THMs and brominated analogues of MX.33, 34   Conductivity and turbidity showed no discernable relationship with MX (Figure S1, parts D and E, Supporting Information). 

Univariate and Multivariate Regression Models
We identified factors associated with MX variation via univariate and multivariate regression models.  There were several competing multivariate models which explained the variability in MX to a similar degree. This is a common finding in the modeling of DBPs where many of the possible explanatory variables are often highly correlated. Coefficients (and SEs) from two multivariate models, together with univariate regression coefficients for all variables considered for final models, are presented in Table 2. 

Our observation of a possible U-shaped relationship influenced how we incorporated pH into multivariate models.  We use a linear spline of pH, which gives 2 parameters to estimate the relationship between MX and pH: one to represent the relationship with pH below 8, and another to represent the relationship with pH above 8.  The combination of both pH terms gives the relationship at pH value 8.

Model 1 includes the variables spline of pH, UV-absorbance and predicted TTHM; Model 2 includes the variables Year, spline of pH, UV-absorbance and predicted TTHM. The two models respectively explain 47% and 52% of the variability in log(MX) concentrations (R2 from leave-one-out cross-validation, to avoid overestimating the variability explained by these models).  The variables conductivity, colour, temperature, chlorine (total, free or combined) and quarter, were not selected in any of the possible models.

Models 1 and 2 perform similarly, but Model 1 may be more useful since it is not reliant on the unmeasurable Year factor, particularly given that years 2007 and 2010 do not represent a full calendar year of sampling. There may be some differences in MX concentrations between the years which are not explained by the other available measured explanatory variables, leading to Year being selected for inclusion in the model. In contrast, the significant quarterly temporal variation is largely explained by other variables, such as predicted TTHM and UV absorbance, and a factor for Quarter is not necessary in the multivariate models.

Our models clearly outline the combination of parameters which are important in the prediction of MX concentrations at the tap, and which should be measured in future studies evaluating MX, or when conducting MX exposure assessment.

However, although indicative of the relationships we would expect to see in other areas of the UK using similar treatment processes and water sources, the multivariate models presented here should only be used to determine zone estimates for this area and within the timeframe of the study. Extrapolation of the models to other regions or years carries with it the risk that the interrelationships between the variables in the models, which give rise to the exact relative sizes of the model parameter estimates, may vary.

The main influences on MX concentrations at the tap are temporal, together with recognised determinants of disinfection by-product formation such as UV-absorbance (an indicator of organic matter) and pH.  Our findings are consistent with Wright et al.23 who also find TOC, pH and temporal factors (amongst other variables) to be significant predictors of MX at the tap in multivariate regression.   We observed a possible U-shaped relationship between MX and pH, that is consistent with results presented in Wright et al23 for real drinking water samples, although it was not discussed by these authors.  As mentioned above, stability tests confirmed a U-shaped relationship in the late 1980s, but the minimum occurred at slightly lower pH of 6-7.30  

Due to the similar nature of the treatment plants supplying the area no insight could be gained regarding the influence of the physical and chemical treatment of the raw water on MX levels. However, these influences have been addressed in previous literature (e.g. Wright et al.23 and Onstad et al.28). The present study has instead focused on water characteristics in the distribution system and how these, together with the month and year of sampling, influence the variability in MX levels at the tap.

One limitation of this work is that the THM concentrations were not sampled concurrently with the MX, with inference relying instead on predicted levels of TTHM obtained by modelling routine sampling data. The TTHM predictions were made for each WSZ and month and therefore do not replicate spatial variability within WSZs, nor day to day variation within each month. Also, we have only certain input variables to use, and we will not be able to capture or explain all variation in multivariate models.

[bookmark: _GoBack]Whilst TTHM is clearly associated with MX, that association varied by year from a correlation of 0.70 (n=10) for 2007, 0.84 (n=38) for 2008, 0.33 (n=31) for 2009 to -0.02 (n=8) for 2010 data. There is absolutely no evidence for a lack of predicted TTHM model fit to the routine TTHM data in 2009 and therefore we must conclude that the weaker correlation between 2009 levels of MX and predicted TTHMs is real and not an artefact of the use of predicted TTHMs. Nor do the available water parameter data fully explain the levels of MX in 2009. The coefficient for 2009 in the multivariate model presented is significant. We must conclude that there are further unexplained sources of variability in MX not accounted for in these data and that these are particularly strongly present in 2009. These factors could take the form of weather patterns, operational changes in processing or distribution, or water characteristics not measured in this study.  Wright et al.23 also note considerable variability in the relationship between TTHM and MX in different sampling time periods.

We have shown that TTHM explains 40% of MX variability, and correlates quite well with MX in our study area.  However, we observe some variation in this relationship by year, and what limited literature is available also suggests that the relationship between TTHM and MX can vary by location and time period.  We conclude therefore, that TTHM by itself may not be a sufficiently consistent surrogate for MX for reliable epidemiological inference.  Epidemiological studies investigating potential health effects of MX should undertake sufficient longitudinal MX sampling to enable the fitting of multivariate predictive MX models for use in robust exposure assessment.

Table1:  MX concentrations (ng/L) in relation to categorised variables, 2007-2010, Bradford, UK.
	
	
	Data Range
	n
	Minimum
MX
(ng/L)
	Maximum
MX
(ng/L)
	Geometric
Mean MX
(ng/L)
	IQR a MX
(ng/L)

	All samples
	
	
	79
	8.9
	45.5
	21.0
	13.1

	Year/ Month
	
	2007 Sept
	5
	16.1
	28.6
	22.2
	5.5

	
	
	         Nov
	5
	26.8
	45.5
	33.9
	5.4

	
	
	2008 Mar
	8
	8.9
	24.0
	14.0
	3.0

	
	
	         May
	7
	13.1
	22.4
	16.3
	4.2

	
	
	         Aug
	8
	22.5
	44.2
	30.0
	2.8

	
	
	         Nov
	7
	15.3
	23.1
	18.9
	2.6

	
	
	2009 Mar
	8
	11.0
	36.0
	18.5
	7.2

	
	
	         May
	8
	14.0
	44.2
	26.6
	18.2

	
	
	         Sept
	7
	19.7
	37.0
	28.0
	7.8

	
	
	         Nov
	8
	21.1
	28.7
	24.3
	3.2

	
	
	2010 Mar
	8
	9.6
	20.0
	13.2
	5.1

	
	
	%Variability, p-value
	
	59%
	p < 0.01
	
	

	Predicted TTHM
	
	26.2 – 37.1 µg/L
	26
	8.9
	36.0
	15.1
	6.8

	
	
	37.2 – 51.9 µg/L
	26
	13.5
	45.5
	22.2
	11.2

	
	
	52 – 81.5 µg/L
	27
	14.7
	44.2
	27.5
	8.2

	
	
	%Variability, p-value
	
	40%
	p < 0.01
	
	

	pH
	
	7.4 – 7.6
	32
	9.6
	45.5
	19.9
	12.1

	
	
	7.7 – 7.9
	22
	10.3
	40.8
	20.8
	16.6

	
	
	8.0 – 8.7
	22
	8.9
	44.2
	23.9
	9.0

	
	
	%Variability, p-value
	
	3%
	p = 0.11
	
	

	Total Chlorine
	
	<0.05-0.15 mg/L
	21
	11.0
	45.5
	23.8
	10.2

	
	
	0.16-0.25 mg/L
	23
	10.3
	37.0
	21.2
	13.5

	
	
	0.26-0.8 mg/L
	34
	8.9
	40.8
	19.4
	14

	
	
	%Variability, p-value
	
	4.5%
	p = 0.06
	
	

	Free Chlorine
	
	<0.10 mg/L
	24
	11.0
	44.2
	22.4
	13.2

	
	
	0.10 – 0.15 mg/L
	24
	10.3
	45.5
	21.2
	11.3

	
	
	0.20 – 0.75 mg/L
	30
	8.9
	40.8
	19.9
	15.0

	
	
	%Variability, p-value
	
	2%
	p = 0.26
	
	

	UV-absorbance
	
	0.018 – 0.025 m-1
	26
	8.9
	36.0
	16.6
	7.4

	
	
	0.026 – 0.036 m-1
	26
	10.3
	40.8
	19.9
	9.5

	
	
	0.037 – 0.057 m-1
	27
	16.6
	45.5
	27.9
	8.2

	
	
	%Variability, p-value
	
	30%
	p < 0.01
	
	

	Temperature
	
	4.7 – 9.2 oC
	22
	8.9
	36.5
	16.5
	10.1

	
	
	9.3 – 13.9 oC
	23
	13.1
	45.5
	23.7
	7.9

	
	
	14.0 – 19.7 oC
	23
	13.1
	44.2
	23.7
	10.6

	
	
	%Variability, p-value
	
	14%
	p < 0.01
	
	



a IQR, interquartile range

Table 2. Univariate and Multivariate Coefficients for linear regression model of log(MX)

	
	
	Data Range
	
	Univariate Regression
Slope  (SE)
	
	
	Multivariate
Model 1d
Slope  (SE)
	
	
	Multivariate
Model 2 e
Slope  (SE)
	

	Year 2007 a
	 
	 
	 
	-0.349 (0.131)
	*
	
	 
	 
	 
	0.304 (0.102)
	**

	Year 2009
	 
	 
	 
	-0.040 (0.129)
	 
	
	 
	 
	 
	0.159 (0.069)
	*

	Year 2010
	 
	 
	 
	-0.438 (0.145)
	 
	
	 
	 
	 
	-0.048 (0.132)
	 

	Quarter 2 b 
	 
	Apr – Jun
	 
	0.256 (0.138)
	 
	
	 
	 
	 
	 
	 

	Quarter 3
	 
	Jul – Sept
	 
	0.507 (0.131)
	***
	
	 
	 
	 
	 
	 

	Quarter 4
	 
	Oct - Dec
	 
	0.525 (0.142)
	***
	
	 
	 
	 
	 
	 

	Total Cl (mg/L)
	 
	<0.05 - 0.80
	 
	-0.015 (0.273)
	 
	
	 
	 
	 
	 
	 

	Free Cl (mg/L)
	 
	<0.05 - 0.75
	 
	0.048 (0.304)
	 
	
	 
	 
	 
	 
	 

	Combined Cl c (mg/L)
	 
	0.00 – 0.47
	 
	-0.360 (0.703)
	 
	
	 
	 
	 
	 
	 

	pH spline values < 8
	 
	7.4 – 8.7
	 
	-0.322 (0.277)
	 
	
	-0.320 (0.213)
	 
	 
	-0.276 (0.202)
	 

	pH spline values > 8
	 
	0 – 0.7
	 
	1.208 (0.549)
	*
	
	0.938 (0.411)
	*
	 
	0.681 (0.395)
	.

	Temperature (oC)
	 
	7.3 – 19.7
	 
	0.012 (0.014)
	 
	
	 
	 
	 
	 
	 

	UV absorbance (1/m)
	 
	0.018–0.057
	 
	22.10 (4.098)
	***
	
	10.433 (5.677)
	.
	 
	10.483 (5.697)
	.

	Pred TTHM (µg/L)
	 
	30.0 – 69.1
	 
	0.013 (0.003)
	***
	
	0.577 (0.175)
	**
	 
	0.508 (0.2)
	*

	Colour (Hazen)
	 
	0.35-3.70
	 
	0.215 (0.060)
	***
	
	 
	 
	 
	 
	 

	Conductivity (µS/cm)
	 
	122-331
	 
	0.0006 (0.001)
	 
	
	 
	 
	 
	 
	 

	
	
	
	
	
	
	
	
	
	

	
	
	
	
	
	
	
	DoF=71, R2=0.51 (R2cv1=0.47)
	
	DoF=68, R2=0.56 (R2cv1=0.52)


“.” p <0.10, *  p<0.05,  ** p<0.01,  *** p<0.001.  aYear coefficients are relative to 2008. 
b Quarter Coefficients are relative to 1st Quarter (Jan-Mar). c Combined Cl calculated as Total Cl minus Free Cl.
R2cv1: leave-one-out cross validation.
d The equation for Model 1 is: 



Where  pHc[pH>8]        


e The equation for Model 2 is: 



Where  pHc[pH>8]        

Figure 1: MX in relation to A) Quarter and B) Year, 2007-2010, Bradford, UK.
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Figure 2:MX and predicted TTHM in relation to time, 2007-2010, Bradford, UK.
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Figure 3: MX in relation to A) predicted TTHM and B-F) other water characteristics, 2007-2010, Bradford, UK.E)
C)
D)
B)
A)
F)











































Footnotes for Figure 3: Super-imposed red line is a Lowess smooth, a locally weighted regression line. 
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