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Abstract. A seven year chemical budget of a minerotrophic conifer swamp located on the
PreCambrian Shield, Ontario, Canada and subjected to anthropogenically acidified deposi-
tion is presented. Contrary to other published studies, this swamp retains sulphate during
wet years and exports it during dry years. Alkalinity is always retained (acidity is exported)
and base cations are almost always exported. It is predicted that if this pattern continues,
the cation exchange sites of the swamp will become increasingly saturated with protons and
aluminum ions, and the waters passing through the swamp will be increasingly acidified.

Introduction

Minerotrophic conifer swamps are common peatlands on the Precambrian
Shield in Canada, with important impacts on down-stream and lake
chemistry (Gorham et al. 1984; Dillon & LaZerte 1992). Recently there
has been a resurgence-of interest in the impact of peatlands on water
chemistry (Gorham et al. 1984; Bayley et al. 1986; Bayley et al. 1987;
DeVito et al. 1989; Urban et al. 1989a; DeVito & Dillon 1992). Tra-
ditional minerotrophic swamp inputs are non-acidic, however when the
surrounding uplands have been anthrepogentically acidified, - elevated
inputs of protons, aluminum and sulphate are introduced into the swamp.
How peatlands transform and/or retain these compounds and their impact
on other peatland processes is an important subject of study (Gorham et
al. 1984). Also of interest is how climatic conditions, in particular the
amount of rainfall, affect this transformation and/or retention in peatlands
(Gorham et al. 1984).

Detailed long-term chemistry and input-output budgets are provided
here for a representative minerotrophic conifer swamp (PC1) on the
PreCambrian Shield in the Muskoka-Haliburton area of Ontario. Previous
studies of this swamp have examined the hydrology (Shibitani 1988; Wels
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& DeVito 1989), paleoecology (Warner et al. 1992), the transformation of
nutrients from inorganic to organic forms (DeVito et al. 1989; DeVito &
Dillon 1992) and the retention as well as transformation to organic form
of some metals (Al, Pb, Cu; LaZerte 1989; LaZerte et al. 1989; LaZerte
1991). The hydrology and geochemistry of the surrounding uplands have
also been analyzed (Wels et al. 1991; Kirkwood & Nesbitt 1991; Law
1991; Dillon & LaZerte 1992). Kirchner et al. (1992; Fig. 1) have
described the effect of drought on the swamp’s outflow chemistry in the
context of testing a geochemical model of stream chemistry. DeVito &
Dillon (1992) examine the role of hydrology on phosphorus and nitrogen
dynamics in the PC1 conifer swamp. In this study, the role of hydrology
(low swamp water level in particular) and upland acidification on the net
retention of the base cations, sulphate, aluminum species and alkalinity is
determined.

Lysimeter Pits
. Boundary
_ Stream
Swamp
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Fig. 1. Location of Plastic 1 swamp, major inflows, outflow and lysimeters.
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The Muskoka-Haliburton region is located on a southern extension of the
Pre-Cambrian Shield in Central Ontario. The sensivity of this area to acidic
deposition, coupled with the relatively high historical deposition of acidity
have made the Muskoka-Haliburton region one of the most acidified in
Ontario (Neary & Dillon 1988). Precipitation depth in the Muskoka-
Haliburton area averages about 1 m/yr (Dillon et al. 1988) with maximum
precipitation depth usually in the fall (September to November) and
minimum in the summer (June to August). Winter (December to February)
precipitation accumulates as snow pack until spring (March—May) snow-
melt.

The interior of the three largest basins draining into Plastic Lake are
dominated by conifer swamps, of which the Plastic 1 (PC1) swamp and
sub-catchment are the largest (Fig. 1). The upland soils of the PCl
catchment surrounding the swamp are sandy, shallow (~ 0.5 m) podzols
underlain by granitic gneiss and amphibolite (L.ozano 1987; Kirkwood &
Nesbitt 1991; Law 1991). The upland forest cover is dominated by white
pine, hemlock and soft maple. The conifer swamp soils are peaty, organic
mucks and gleysols (mean depth 2—3 m; 7 m max. depth) dominated by
white cedar and black spruce with sphagnum sp. as the dominant ground
cover (Lozano & Parton 1986; DeVito 1989).

The PC1 basin above the swamp outflow (Fig. 1; PC1-03: 20.09 ha)
was subdivided into three different sub-basins draining into the swamp
and the swamp itself (PC1-08: 3.22 ha; PC1-04: 5.29 ha; other uplands:
9.46 ha; swamp: 2.12 ha). Of the three areas that drain into the swamp,
PC1-08 discharges the greatest amount over the longest period of time.
Chemical data from PC1-08 is available from March 1983. Discharge
data is available from December 1986; prior to that, discharge was
estimated by areal pro-rating discharge at PC1, a weir 50 m downstream
from the swamp outflow.

The PC1-04 sub-basin is larger than PC1-08 but all possible sampling
sites flow erratically and represent only a small portion of the total flow
from this sub-basin. For chemical sampling a site was chosen that appears
to have the greatest flow but a weir was not installed. Hydrological
discharge from this area is computed by areal pro-rating the discharge
from PC1-08 or PC1 (prior to December 1986 only). Chemical data from
PC1-04 is available from March 1983.

The largest contributor to the PC1 conifer swamp is not channelized or
surface flow at all, but macropore flow along the bedrock soil interface.
The porous, sandy upland soils allow rapid vertical permeation of snow-
melt and rainfall down to the bedrock interface. This is followed by
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gravitational, macropore flow along with bedrock soil/interface down to
the swamp (Shibitani 1988; Wels et al. 1991; Renzetti et al. 1992). Areal
pro-rating of the discharge from PC1-08 or PC1 (prior to December 1986
only) is used to estimate the hydrological discharge from these areas. Two
possible estimates of the chemistry of the unchannelized macropore flow
into the swamp are PC1-08 stream chemistry or ground water samples
collected from 12 lysimeter pits installed in the northern section of the
PC1 catchment (Fig. 1). The groundwater samples collected deep in the
mineral soil horizon (usually under a Bf2 horizon) close to the bedrock
interface should be the most similar to that leaching into the swamp. Only
the four most recent years of data is available from these pits, so for
longer term analysis, PC1-08 data is used.

The final input to the PC1 conifer swamp is direct precipitation to its
surface. A bulk deposition collector and meteorological site located in the
Plastic Lake catchment provide weekly chemistry and daily precipitation
depth (Dillon et al. 1988; OME 1990). Data from this site is available
from December 1983. Earlier data (March to December 1983) is obtained
from a similar site located within 15 km. Empirical models were calibrated
against three years of snowpack monitoring in PC1 catchment (Findeis et
al. 1989; LaZerte, unpubl. results) to account for the substantial amounts
of deposition collected in the swamp snowpack over winter and not
released until spring snowmelt.

The hydrologic discharge at the swamp outflow (PC1-03) is calculated
by areally prorating the discharge at the PC1 weir located about 50 m
downstream. Chemical data from PC1-03 and hydrological data from PC1
are available from March 1983.

Samples were collected for chemical analyses more frequently during
high flow periods (1—4 times per week in the spring and fall) than during
low flood periods (once per week if water was available). All data was
carefully examined for outliers using time trend plots and charge balance
calculations. Linear interpolation was used to estimate the chemistry on
days between sample collection. Sampling was frequent enough and
discharge-concentration relationships weak enough that filling in missing
data by interpolation was more accurate than using discharge-concentra-
tion relationships.

Chemical analyses were performed as described in OME (1983). All
analyses were insensitive to DOC interference, including the ion chroma-
trographic sulphate method. Aluminum species were estimated with a
catechol violet/anion exchange method (LaZerte et al. 1988) and with the
calculations described in LaZerte (1984). Oliver’s model (Oliver et al.
1983) was used to estimate the organic anion contribution to charge
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balance. The model works well in these waters and elsewhere when
corrected for iron and aluminum complexation (Oliver et al. 1983;
LaZerte & Dillon 1984; Cantrell et al. 1990).

As Gran titrations are not adequate for aluminum or organic rich
waters (see appendix), alkalinity was both titrated to a fixed endpoint of
pH 3.8 and calculated at surface water sites. At groundwater sites,
alkalinity was only calculated. For these calculations, alkalinity was
defined to include bicarbonate alkalinity as well as the alkalinity gener-
ating portion of inorganic Al and weak organic acids. The latter was
estimated as the fraction of Oliver’s model organic acid (Oliver et al. 1983)
that contributes to alkalinity titrations down to a pH of 3.8 (Orgw"). This
fixed endpoint alkalinity definition is quite different from the charge-
balance definition (Reuss & Johnson 1986). For example, the attached
hydroxyl groups of aluminum species, not the charges, are counted.
Further details, and justification are provided in the appendix.

The start of each hydrological year was taken to be 1 September,
before the fall rains began and when discharge from the swamp was
usually zero. Input and output chemical fluxes per square metre of swamp
surface were prepared on a daily basis, and then quarterly and annual
sums computed. Input and output volume weighted concentrations on a
quarterly basis were calculated by dividing quarterly chemical flux by the
equivalent quarterly water flux and adjusting for the swamp area.

Errors and method checks

A regression (with an intercept of zero; N = 15) of the quarterly discharge
of the PC1-08 inflow after December 1986 against the PC1 weir gives an
R? of 0.99 and a slope of 0.16 + 0.1 (2 S.E.). This slope compares
favourably with the ratio of areas (0.15), confirming the use of areal pro-
rating on a quarterly or annual basis for missing upland water fluxes.
DeVito (1989) has also concluded that areal prorating works well in these
catchments.

The major systematic error in these PC1 swamp budgets is probably
the estimate of groundwater chemical concentrations. A rough estimate of
this error can be obtained by comparing the total input fluxes to the
swamp using PC1-08 stream chemistry for unmonitored areas with fluxes
using lysimeter chemistry over the same period. The following slopes were
obtained regressing (with an intercept of zero; N = 16) the PC1-08 esti-
mate against the lysimeter estimate using the most recent four years of
quarterly data where both estimates are available:
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Variable Coefficient S.E. P

Base Cations 0.91 0.01 0.0
Inorganic A1l 0.85 0.02 0.0
H* 1.09 0.01 0.0
Sulphate 0.93 0.01 0.0
Orgw™ 0.90 0.04 0.0
Other Anions 0.82 0.01 0.0

With the exception of H*, the PC1-08 estimates of unchannelized ground-
water chemistry are lower than estimates based on lysimeter data. The
errors appear to be on the order of 8% lower for base cations and
sulphate and 10—18% lower for the other ions.

Charge balances on the quarterly input and output volume weighted
concentrations average —7% * 6% (mean * standard deviation, n = 30)
and —1% * 6% respectively, with maximum deviations of —24% and
+16% respectively, for the long term budgets using PC1-08 chemistry for
unchannelized input fluxes (Table 2).

Results

Base cations are the major cations entering the swamp with positively
charged aluminum species and H* also important (Fig. 2; Table 1).
Sulphate dominates the anion inputs with Orgw™, bicarbonate, chloride
and nitrate of lesser significance. The major inputs occur in the spring
during snowmelt, with fall and occasionally early winter (December)
influxes being somewhat important.

As chemical flux is the product of chemical concentration and water
flux, changes in chemical flux are caused by changes in either one or both.
Changes in surface water flux is a major determinant of the temporal
pattern of chemical input flux to the swamp (Fig. 3; quarterly coefficient of
variation, C.V. is 86%). The volume weighted input concentrations are
comparatively stable (Table 2; quarterly C.V. are 23% and 18% for base
cations and sulphate respectively). On an annual basis, both total cation
inputs and total anion inputs have maximum and minimum annual fluxes
(1984/85 and 1986/87 respectively) that correspond to maximum and
minimum annual water fluxes (Figs. 2—3).

Base cations and sulphate also dominate the swamp outflow, but H* is
more important than inorganic aluminum cations and organic anions are
more abundant (Fig. 2; Table 1). Spring is very important to the output
fluxes, but, in contrast to inputs and especially in the four years following



159

‘durems 1 onse|d 01 sexnjj uotue pue uoned ndno pue indur [enuwy 7 1y

me)

00/%%0/9%0/19,0/9%9/5%4/¥%,o/5%

¥ 1 ¥ T L] ¥ ] °
- -1 009
- -} 0001
- suopey eseg [ -1 oost
“vm
HE
i 1 1 [} 1 'l i °°°N
xnj4 uopwd Indyno
oo\o o\o Y r.ro\ O\d a\oo
o

—r—

T

T ~r Y
- _ -1 00§
-1 000}

- 00 O - oos1
oMo w
Jjos @

A 1 1 1 i ] N °°°“

xnj4 uojuy ndino

wey

ot/ ooco\ ooco\ 8 18/ oooa\ o‘oax coao\ Lo

T TT T T T T

1

suojieg eseg [
“ivm
HE

) I - 5. 1 1 ) -

xni4 uvope induj

oo\o c\o G\ro-.o\ﬁ o\.— o\oo

o0 O
DHO B
osm

o

Q09

0001

0osi

0002

]

00§

00st

i b 1 1 i 1 1

Xnj4 uojuy ndujy

ek / ul /bew

mek /i /o0w



- 1 0 L 0 L £t= € 0 81 £ 1T I 01 6 T 11 9 ¢ II +00 810 ggiomung
- TC 11 9T ¥S 08 #9— 20T 8€ 85 S9S €29 89 0T 68 €8— LLT €6 O1 0§ O0€s €0°€ Ly'e 88 Junds
8— Tl € v LE Ov Th— ¥S  TI €0T— ¢EF 62C 8T £l I¥ 19— 96 SE €61— ¥6€ 20T OUT IT'T 88/LUIM
- € 1 € T 91 0I—- I T 9bI— S61 6 O 9 9 L~ ¥T LI SEI— SLT 8E€ LTO €£0 L8 1med
- I 0 8 ¢ ol 8 8 0 € ¢ st 1 0 T IT £ ST 8 L ST 800 $Z0 L8Iowmng
§— ST L 8T 8T 9 S8— OL €T €5 I¥T 6T 95 8 ¥b 66— 86 65 OI 8T LEZ L6T 00T L8 Buudg
¢ ¥ 1 I- 9 § LI- 6L T O O oOF ¥ 0 v II— 91 § €= 6 96 SE0 970 L8/9RUIM
81— € S 8 ST €€ 90I— ITT ST 19 96 8T LI T 61 8€— €L SE TE— 991 9€1 09T I€T 98 12
M- 2L T 6 1T 0T 8~ +¥9 § S9 11 9L ¥ T L T— 0f LT 11— 89 LS 8§60 L0 9§Iowmng
ZI- 1T 6 0f T IS 1IL~ 001 6C ¢k OLE ZI¥ OS I 19 €9— 9bT €8 1T— 8¥E 9vE 99T §9T 9g3uudg
v~ ¢ T € U 6 1T~ 9 S L— S6 88 Ol € €1 W~ 95 #I SI— T6 ¥L 190 €50 98/S8UIM
9I— 1T § 0 TE TE 06— 901 ST ZOT 8ST 09C LT 9 €€ TE€— €8 IS S— $TT 61T IST +871 sg e
9— L I 6 8 LI 96— 8 T ¥9 + 8 ¢ 1 £ 8 ST €2 9C 0 9§ I€0 SSO §gIswng
$I— ST TT TT 8C 09 98— TIT 9T 621 S9§ ¥69 vy  IT §S LS— LOT 6IT ST SIS OFS 86€ ¥y  sg3unds
L— 11 v S L1 T¢ TS~ 65 L TT ST Lvz 11 €L ¥T 8E— bL 9 LZ— €TT 961 STT 8TT SS/PS UM
S— 0l T v 61 T ¥b— L¥ v ST Il LET 6 € Tl 6~ tv S€ LE— 9¥T 60T $90 T6O 8 Ired
8&— 6 T 6 9 ST L— 6 T T9 8 08 ¢ T v ¢ 0z €2 ST 6y L9 THO S90 pgIowumg
TI—- T 01 IT T vr €8— €01 0T 16 Spb 965 TP 8 0S 89— €SI S8 Tl  TEY by 66T 60€ vy Fuuds
L~ Ol ¥ 8 T 0 Le— T S €1— obT €T 11 ¥ 91 S¢— T8 Lb Ly— 92T 6LT €UT ITT pS/E8WM
11— ST v § S ¥ 79— TL O SEZ— OIS §4Z ¢TI  TI ¥Z LS— SO 8¢ ¥LZ— 8S¥ +81 ST’ 6¥1 £8ed
- z 0 § 1 9 (— 8 1 2¢ ¥ 9 1 0 1 2 L 8 T ¥ 9T L0 87O ¢gIswumg
01— 61 6 €€ 61 TS Li— S8 8 8TI L9 S65§ H¥E € 8E 65— 09I IOT £9 66§ <T9v €T 19€  ¢83undg

©Jep §0-TDd W parewmyss sindur parojount)
LT 1N0 NI L9¥ 1IN0 NI LAY 1NO NI I8 LNO NI I8¥ LNO NI I8 1IN0 NI IH¥ 10O NI LNO NI

20d

suomy 10410}

Suoruy J1uesiQ

areyding

wnuny

suoyoig

suope)) aseg  a3reyosyg

pouag

160

(zw/3) DO ‘(zw/bow) suor e ‘(w) a81eyosip ;53 eoeyns durems jo sx1ow srenbs 19d uoyusyal pue sindino ‘synduy 7 3)go]



161

ob— 99 91 9F €71 691 91T~ €6LT 65 60C— 8TII 616 8¢l  OF 6L1 LIT— €£9¢ 91 Ppve— SPIT 108 ¢€¥'S 6v'¢ 06/68
1e— 6y 81 +9 901 LT 691— C¢T €9 IT— OLOL 6¥0T 691  0f 661 98I— IpE SST LST— 0OT0T €98 S6'F 96°¢ 68/88
12— L 91 99 +$0OT 0L1 €I1— ILI 8G LTC— S61T 896  €I1T 6 TSI €S1— 66T 9vl 09T— $60T +E€8 PEV 60°S 88/L8
6¢— € vI LS IS 80T ILI— 81T Ly 081 0OLE 0SS TL 01 18 ¥8— 061 901 9¢ vy L6y €0V I8¢ L8/98

BIRP I930WISA] )M Pajewnisa sinduy parojuouwruny
Iv— 9§ 91 €T €Tl 9%l €T¢— SLT TS TLT— BTIL 998 611 0y 6ST T0CT— €9t T91 Tlh— SPIT €TL €¥'S 6F'S 06/68
€€— 6 LT LE 901 €vl 08I— <TET €S COI— 0LOT 696 6£1 0 691 9LI— IvE S91 €¥T— 0CO0T LLL S6FV 96°C 68/88
12— Lg St 0y vOL vPI OCTI— IL1 TS €LT— S611 TT6 86 68 LET €vI— 667 961 vie— v601 08L VeV 60°¢ 88/L8
og—- ¢ €1 €€ IS ¥8 6LI— 8IT Ov 8YI 0LE 8IS  8S 0l 89 8L— 061 ¢€II 91— 1I¥y STY €OV I8E L8/98
€v— 09 L1 9 9L TIL I¥T— 96T S5 TOCT vE9 9¢8 T6 T¢ P11 021— §$6C SLY S€— CEL L69 9E'S €L'S 98/58
ve—~ €§ 61 Ob T8 CTI 8IZT— LST 6¢ I€C 916 OPIT €9 8C v6 9CI— 6£€ €IC €1— VvIi6 106 819 80L S8/v8
LE— LS 61 ¥ 98 O€l 0£T— L9T LE P6— 6ITI STIT 89 92 €6 9S1— 09t €0T T16C— SO9IT €L8 TLS 699 v8/¢8

BIEp 80-1Dd Yim potewrnsa syndur paroyuowun)
- 4 0 9 I L 8— 6 T 01 81 8¢ [ 0 ¢ S L 4 S ST (14 81 ¢vI'0 €20 06 founung
vi— W 6 61 9% €9 08— 901 LT SP 9y Tev 9L S1 16 6L— 8ST 6L 6T— Tvy TI¥ 68T €It 06 3uudg
§— L 4 € 61 €2 LT— SE L vS— €L1 61T 81 9 vT PE— LS €T 99— 89T TOI 9L°0 990 06/68UIM
Ie— st ¢ §— 96 IS 80I— ST L1 ¢€L¢— 16vy 8IZ T 61 1v ¢£6— vt 8y 97— 91§ 061 S9'1 8¥'1 68 led
£— 14 1 L T 6 12— T [ 14 01 6¢ € | I or 11T 9 (44 8C 610 0£°0 68 towung
vi— ST 01 1T TS €L 18— €Il 2¢ 0t 89S 665 €6 €1 901 001— V61 +6 +veE— SIS 18y I7€ Tyt  683undg
£ 4 I y— S1 11 L1— OC € 6v— LOT 8§ L ¥ Il €7— T¢ 6 LS— 901 8v TY0 I€0 68/38UWIM
(45 Y €l 8 IS 19— LL 91 CLi— ¥8¢ ¢€LT 9¢ ¢l 8y $5—  SOT IS LST— LLE 0TT TUT SS°I 88 Med



7~ R L— L € ST 12 €€ 0T L9T 941 ¥ 1€ LS 8T 1IST Tyl 68Suudg
0 S— 0 Zi— y1 € 6¥ SE 99 0T 0SE€ I61 €1 SE€ 901 1€ 9bE 8ST 68/88UIM
- 9— £ £1— 11 € ¥ €€ 0§ OT 8¥T 9L1 8 1€ 89 €€ €vT vl 88 Tred
S 0t— ¢ 0g— € C 4 w81 T 8T LIT T 9 ZI T9 LZ €9 §gIlowwng
- — - 6— 9 ¢ 91 €7 6C IT €9T 08T 9 92 1S LZ OST €ST ggJuudg
- - LI- £~ IT € €€ 9 6F IT 06§ 90T 71 LE L8 TE 9SE 78T 88/LSUIM
L— 6— £v— L1- 8 ¢ LE Ly 9¢ S ¥86 8¥I LT 8T TL IS STS €EIIT L8 Med
- £1— 9— 81— 9 8 ov €¢ 1 8 %I 0 % +I 09 Of €9 L§lowuwmg
I — T 9— L ¥ 6 81  s¢ IT 0T1 L¥T ¥ 2T 6v 6T +IT 611 LgSuudsg
I s— T 6— SI € €7 0c  vL L 811 95T T LT T9 8T €SI OFT L8/98WIM
- 8— I- rAS 8T € 61 ST T6 IT € 01 1 +1 95 LT LTI +01 98 el
91 01— 12 Pi— LT T ST LT 68 L ST LOT € 6 TF 6£ 96 08 9gIoumung
ré 0— ¢ - 8 ¢ 8 61 8¢ IT Ovl SST ¥ €T SS 1€ TI€T 1€l 988uudg
- - €~ - o1 ¢ a4 LT 6V 6 081 L9T S $T 89 9T SLT I¥T 98/S8WM
9 I- 01 s IT € LT LT LS 8 98 IvI € 81T Sy 8T TTl 611 S8 Ired
01~ L— 6— 01— €1 ¢ ¥1 1€ oL € 8 SZI I S LT T¥ SS  TOT S8 Iowung
z 6— b ST— 9 € 6 vT 92 9 O0fl 09T € €I 8F LT 6I1 sz sgSuudg
0— L- 1- S1— 8 ¢ €1 LT 9F S ¥81 €61 O 61 8S 8T +PLI €SI S8/ySUM
8 s— 91 6— 11 ¢ 1z 9z z§ ¥ Tl 6¥1 € €1 6¢ 8E 6ST 611 8 led
€— - £— £— A4 6 €2 SL € LT TTT € 9 1€ 9¢€ SL €01 p8Iowwmg
4 — L 9— L € L €1 1€ 9 GET €97 T ST Ly 9T 1I€T SE€T pgBumudg
1 11— 1 €7~ 6 € 81 ST  S€ ¥ €0C T6L € €1 L9 6€ 981 LPT v8/E8UWIM
L— ¥Z— 67— Ly— 01 € ¥ LT 8¥ L TYE Y81 8 9T 0L TE€ LOE €TT €812
8— 0z— 9— 87— 9 T r4 12 of ¥ IS 061 O € ST 0¢ IS ¥6 ¢€gIoumung
- 6— T— S1— S € S YT €T T 6T S9T T Ol vy 8T 11T 8¢l ¢€gBuudg
BI1BP 80-1Dd WM pajewnyss sindur paiojuowruny
1No NI LNO NI 1o NI 1LNo NI LNO NI LNO NI 1NO NI 1LNO NI 1LNO NI
ooﬁm—dm uw.a:mvo\o duereyqg OM.HNSU 20d wﬁO«é Honuo wﬁo_.ﬁaea UEMHO Qamnnmﬂﬂm E:ﬂ..—ﬁnﬂa suojoid mﬁOEﬁO oseq pousg

162

*D0d 1oy /3w 1dooxo 1/ban syup) “seouereq 98reys pue suUCHENUOUOD PAYSIOM SWINOA 7 GV



163

[4 (4 g 14 ‘as
1—- - - 8— U 61 6 |44 L (4 9 €€ 1T Iy 12 11 ¢ ST 01 ‘AND
1 - ¥ y— 01 ¢ (44 1€ 0S IT S0T L9T L €€ 99 LT 80T 91 06/68
- §— €= 21— 6 € 61 e v 1T 261 681 & 9¢ 19 8T €81 ST 68/88
£— S— L— (AL L € 0c €€ PE 1T 6€T 06T 8 0€ 6S 6T SIT $91 88/L8
0 g¢— 1 - 1T ¢ €1 8C LS 21 L6 v¥YI € 1T 0S 8T 911 0¢fl L8/98
BIRp I910UNSA] yiim payewnsa sindur paiojuouru)

(4 € S 9 ‘as
0 ¢~ 0 6— UBW LT 9 LT 8T 0T €T T 01 6 ¢€£ I T ST 01 ‘AD
1 - ¢ - 01 ¢ (44 Lz 0S 6 S0T 9ST L 6T 99 0t 80T <tl 06/68
- §— £— 01— 6 ¢ 61 9T Tt 0T T6T vL1 & 0¢€ 19 0€ €81 OFI 68/88
£~ y—  L- 6~ L ¢t 07 8T ¥¢ 01 <S€T 181 8 LT 6§ 1¢ SIT €SI 88/L8
0 - 1 6— IT € €1 LS 01 L6 9¢T € 8T 0§ 0¢€ 911 11T L8/98
14 - 8 £— 01 ¢ €1 0z 5§ 01 TIIT 9%1T ¥ 0T 1S 0¢ 8¢I CCI 98/¢8
(4 8— ¥ Pi— 8 ¢ (4! LT 9¢ S 6T1 791 v €1 8y Ot 671 LTI $8/v8
- 01— ¢— 81— 6 ¢ €1 0z 0y 9 €81 691 ¢+ VvI #S 1€ SLT 1€l ¥8/¢€8
elep g80-10d Una pateumsa syndul parojuowru)

9 9 4! 01 ‘as
- L- - CI—ue 6 61 99 ye Ty Ly T8 81 L8 ¥S T 0 89 £C ‘AD
y— 8— S— Z1— L T 9 (A1) 4 ¥ 9, 611 T Tl 0f TS 68 08 (6 1uung
€ 0 S 0 L € ST 1 ¥¢ 6 €¥1 LS S 6T 0S ST I¥l CEl 06 Suudg
T 0— S - 1T ¢ 0g ye €S IT €92 18T 6 9¢€ 98 #E€ 68T SS1 06/68 WM
1 - ¢ y— LT € 8¢ s€  ¥8 IT ¢€€€ 8¥1 €1 8T 96 €€ 0S¢ 6CI 68 med
L~ P1— 8— 12— ¥1 T L 1€ SL 9 ¢¢ 61 T VI €€ 9t VL $6 68 IPwumg



164

-dwrems [ oUSe[ O) MOJUL §0- [ Dd 3¢ 951eyosIp [enuue pue A[ouend ¢ ‘517

Jeyiend

N WA L e e, \ﬁu\..lth?t \“P“«t.u“«. \“..loﬁo\th?% _Aot“‘h?t e

e,

VLY, o8 e/ ® 18/ °® e/ g ¢/ coaa\ <

00001

000§

00002

meh/u

0

4 oo0os 3
N
L0
[ =
]

4 oooor %

- ooo0s1t

MOLJu| 80-194 18 8Bleydsig



165

the dry summers of 1983, 87, 88 and 89, Fall + Winter is even more
important.

Summer drought conditions have a major impact on wetland chemical
concentrations and consequently on chemical output fluxes. The average
daily summer precipitation depth is correlated with the number of days
with zero discharge from the PC1 swamp (Fig. 4). A lowered water table
and exposed muck soils are found during these periods of zero discharge
in the summer. In the years following an extended summer period of zero
discharge, concentrations of most chemical parameters become elevated
and, in particular, with the onset of fall rains the first flush of water from
the swamp is very concentrated (Table 1; see also Kirchner et al. 1992,
Fig. 1). The variability of output water flux is similar to the inflow
(quarterly C.V. is 88%), but the equally variable base cation and sulphate
concentrations (Table 2; quarterly C.V. of 68—82%) also have an sub-
stantial impact on the temporal variability of chemical fluxes from the
swamp.

It is in the Fall + Winter quarters following the dry summers that the
most substantial negative retentions (net export; Table 1; Fig. 5) of base
cations and sulphate occur. The annual pattern of sulphate and base
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Fig. 4. Relationship between the daily average summer precipitation depth and number of
days of the year with zero discharge from the Plastic 1 swamp.
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cations is also revealing: only in the years following dry summers is there a
net export of sulphate (negative retention). In all other years, including
those years with the highest and lowest water fluxes through the swamp
(1984/85 and 1986/87 respectively), suphate is retained. Base cations are
never positively retained on an annual basis (when using the PC1-08
estimate for ungauged area; Table 1, Fig. 5); they are approximately in
balance after a normal summer and exported after drought, even through
the highest and lowest water flux years. Clearly summer drought condi-
tions have a substantial impact on the retention of these major ions,
primarily by releasing larger quantities of them in the subsequent fall and
winter discharge periods.

The negative retention (net export) of H* shows an annual pattern that
may have as much to do with annual water flux as summer drought. Large
net exports in the spring dominate the annual budgets. Although the pH
drops dramatically, most of the fall export of sulphate following summer
drought is balanced by base cations, not protons. Nonetheless, the three
years of minimum proton export do correspond to the three years of posi-
tive sulphate retention. The seasonal and annual retentions of aluminum
cations, Orgw~ and other anions show less pattern, although the three
latest drought years do have elevated aluminum retentions relative to the
three previous wet years.

H* and aluminum hydroxide species are the two dominant components
of alkalinity retention in the PC1 conifer swamp and consequently the
temporal pattern of alkalinity retention is similar to theirs (Fig. 5; Table 3).
Annually, alkalinity is retained; only in the summer are small amounts of
alkalinity exported. This is the result of H* retained from summer rainfalls
(the only time when direct deposition is important to these budgets) and
Orgw™ export. If the contribution of alumimum hydroxides and weak
organics to alkalinity were ignored, the estimates of alkalinity retained by
the swamp would be less but the pattern would be similar.

Net DOC fluxes from this peatland range from 21 to 43 g m™2 yr™!

(Table 1).

Discussion

One of the most significant results of this research is the net export of base
cations from the PC1 swamp over the current seven year study period.
Other budget studies, although rare, indicate that both ombrotrophic and
minerotrophic peatlands retain base cations (Hemond 1980; Gorham et al.
1984; Urban & Bayley 1986). The lack of base cation retention at this
acidified site may be the result of competition for new exchange sites by
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incoming protons and aluminum ions. In the past, there may have been
sufficient incoming base cations (and fewer competing protons and Al
ions) to populate many of the sites. Under current conditions, however,
with the loss of base cations and the increase of aluminum ions, the cation
exchange sites in the swamp are likely becoming more acidified as predicted
by Gorham et al. (1984), Urban & Bayley (1986) and Bayley et al.
(1986).

Another important result is the greater retention of sulphate relative to
base cations. Currently, the swamp retains sulphate during normal and wet
summers, and then exports it after dry summers. A similar pattern has been
observed in this swamp for phosphorus and nitrogen (DeVito & Dillon
1992). 1t is likely that the exposure and oxidation of reduced sulphur
compounds is responsible for these chemical fluctuations (Gorham et al.
1984; Bayley et al. 1986; Bayley et al. 1987; Urban et al. 1989b; DeVito
& Dillon 1992); DeVito (unpubl. results) has documented increased rates
of sulphur mineralization as the result of summer drought in PC1 swamp.
This pulsed export of sulphate from the PC1 swamp is mostly balanced by
an export of cations, presumably via an exchange reaction between the
proton from the sulphur oxidation reaction and the base cations on the
peat exchange sites. The retention of sulphate after wet summers, how-
ever, is not balanced by a retention of cations but by their reduced net
export and, in part, by decreased proton export and increased aluminum
retention. Geochemically, this is consistent with sulphate reduction in-
creasing peat pH which reduces proton export but incresaes aluminum
precipitation or adsorption. Eventually, if current conditions persist, the
exchangeable pool of base cations in the swamp will be depleted by the
periodic export of sulphate and more protons and some aluminum ions
will be exported to compensate. This will increase acidity export (alka-
linity retention) primarily by directly increasing the proton export and
indirectly reducing Orgw™ export.

Net sulphate retention has been observed in other peatlands as has
post-drought release (Hemond 1980; Gorham et al. 1984 and references
therein; Bayley et al. 1986; Urban & Bayley 1986; Urban et al. 1989b),
but no investigator, to my knowledge, has reported an annual net export
of sulphate (or of base cations) from an undisturbed minerotrophic peat-
land, as occurs in this wetland following dry summers. Bayley et al. (1986)
hypothesize that, other conditions being equal, peatlands with historically
less anthropogenic sulphur deposition should currently have greater base
cation neutralization capacity and hence less proton export coupled with
sulphate export. Their results and this study are consistent with this
hypothesis.

The net export of acidity (retention of alkalinity) observed in this study
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is expected. Gorham et al. (1985) and Urban et al. (1989a) have docu-
mented the role of peatland organic acid exports in the acidification of
stream water. In the PC1 swamp, organic acids increase the acidity of
already acidified water passing through the swamp (LaZerte & Dillon
1984). This is especially the case in wet years (e.g. 87/88; Table 1) when
the relative proportion of organic anions to sulphate anions in the swamp
outflow approaches one. Conversely, after dry summers the large release
of sulphate from the swamp reduces the relative importance of organic
acids. More generally, the increased acidity of water passing through the
swamp may be the result of high water yield (4—7 m of water m™2 of
swamp yr—') which increases organic acid leaching from many peatlands,
although the total net flux (21 to 43 g m™2 yr™') of organic carbon from
the wetland is not unusual (Urban et al. 1989a). Another likely cause is
the gradual loss of exchangeable base cations from the PC1 conifer
swamp; these base cations would normally neutralize some of the inter-
nally generated organic acidity as well as mineral acidity from sulphur
oxidation.

More detailed study is required to determine the exact layers of peat
involved in the cycle of sulphate accumulation and export, and whether
these same layers are also responsible for the cation export. Presumably
reduced sulphur is immobile and can only be exported when swamp water
levels drop to the point where oxygen can diffuse to is location. However,
the protons released by sulphur oxidation are mobile, and it may be that
the depth of peat available for proton/cation exchange is greater than that
available for the sulphur oxidation. In addition, possible internal sources
of base cations diffusing up from deep sediments (as has been postulated
for iron; LaZerte 1991) should be considered. Similarly, the role of
different regions of the swamp (e.g. the PC1-08 lagg on the eastern side of
the swamp; see DiVito & Dillon 1992) should be examined. The crucial
question is the amount of residual sulphur available and the size of cation
storage in the swamp available to neutralize these pulsed sulphur oxida-
tion events.

Climatic changes in temperature and rainfall have been shown to
influence lake chemistry in unexpected ways (Webster et al. 1990; Psenner
& Schmidt 1992). With respect to peatland behaviour, it may nonetheless
be possible to extrapolate the effects of the drought conditions observed
in this and other studies (e.g. Bayley et al. 1986) to wetland behaviour
under the longer-term reduced rainfall conditions predicted for some
regions. It should be emphasized that only long-term studies can provide
the perspective and data needed for long term predictions.
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Appendix — alkalinity method

The formula for calculating the fixed endpoint alkalinity defined in. the Methods section
follows from the proton balances of the individual acids that are asiweak or weaker. than the
arbitrarily defined weak organic acids at pH 3.8 (Stumm & Morgan:1981). These are:’

H,0=H*+OH"

HOrgw = H* + Orgw™

H,CO, ~H* + HCO;

H,CO, ~2H* + CO%~

AlH,0)* + H,0 = H,0* + AIOH(H,0)2*

Al(H,0)}* + H,0 = 2H,0* + AJ(OH),(H,0);  (the H,O terms will be dropped below)
etc.

which lead to:

(1) Alkalinity = [Orgw™] + 2[CO%7] + [HCO3] + [AIOH*] + 2{A(OH)3} + -
: 3[Al(OH),}-+ 4[Al(OH);] + [OH] — [H*].

AJ(OH); includes monomeric, polymeric and’colloidal forms in sohition that respond to the
titration.

To test whether the calculated alkalinity (1) proposed above agrees with the actual fixed
end point alkalinity titration to pH 3.8, a regression using all samples was performed; an
approximate 1:1 relationship (R? = 0.81; N = 886) was obtained. Equally important, a
multiple linear regression (with zero intercept) of titrated alkalinity versus the three major
components also reveals approximate 1:1-relationships for each component (R? = 0.81;
N =886y

Variable Coefficient S.E. P

2[CO%] + [HCO;5] + [OH] — [HY] 0.94 0.02 0.0
[Orgw™] 1.15 0.05 0.0
[AIOH?"] + 2|AI(OH)}] + 3[AKOH);] + 4[AI(OH);}* - 1.06: .- -0.05 0.0

The first term is the traditional definition of (bicarbonate) alkalinity; in-all _df_ these samples,
its major component is [H*]. ‘ T

The fixed pH 3.8 endpoint used in this deéfinition of alkalinity is arbitrary, but it does
happen to be the pH in the Oliver model (Oliver et al. 1983) where 50% of the organic
acids are dissociated and where all carbonates are protonated and inorganic aluminum is
not hydrolysed. Also, at this proton reference level the dissociation of carbonic acid and
HOrgw and the hydrolosis of Al(H,0)3* are alkalinity neutral: their addition to or subtrac-
tion from solution does not change the alkalinity (Stumm & Morgan 1981) although the pH
may change. However the dissolution of calcium carbonate and aluminum trihydroxide do
increase alkalinity by an amount equivalent to the introduction.

Both Cantrell et al. (1990) and Urban et al. (1989a) recommend a similar fixed
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endpoint alkalinity titration when organic acids and aluminum hydrolysis species are
important, as the usual Gran alkalinity titration fails when applied to non-bicarbonate
dominated waters. Hemond (1990) has presented an alternative approach. that uses a
correction factor applied to Gran alkalinity titrations in the presence of DOC; but it is
unclear how titratable aluminum species would be corrected for. Others have defined
alkalinity differently (e.g. Reuss & Johnson 1986; Hemond 1990):

(2) Alkalinity = Cy — C, (Sum strong base cations — Sum strong acid anions)
Then using charge balance, they obtain:

(3) Alkalinity = [Org] + 2[CO%] + [HCO3] + (A(OH);] + [OH] — [H*] —
3[AIY] — 2[AIOH?*| — [Al(OH)}]

where [Org] is the concentration of ALL dissociated organic acids, both weak as defined
above and strong. Thus the addition and dissociation of the strong organic acids at pH’s less
than 3.8 do not reduce alkalinity in this formation (3) whereas they would in (1). Also it is
the dissolution of Al(OH), that is alkalinity neutral, not the hydrolysis of AP**. Although
this definition (2) works well for bicarbonate dominated waters, it does not agree well with
any actual alkalinity titration with strong acid (fixed end point or Gran) when inorganic
aluminum, organic acids or CaCO, are abundant. Even though the organic acid discrepancy
can be corrected by including the strong acid portion of organic acids in C,, a more
difficult problem with the charge balance approach (2) is that it does not account for the
weak acidic hydrolysis of positively charged metals (e.g. AP*), nor does it handle any
uncharged species that may contribute to alkalinity such as CaCO; or polymeric or colloidal
Al(OH);.

Because of these discrepancies, the two methods give quite different results, as can be
shown by setting Strong Acids Anions in equation (2) to Sulphate + (Org Anions — Weak
Org) + (Other — Bicarb) from Tables 1 and 2. On an annual basis, there is usually a net
export of charge balance alkalinity whereas the fixed end point alkalinity is always retained
(i.e. there is a net export of acidity). As noted by Morel (1983):

Although convenient, the conceptualization of alkalinity as a charge balance is not
strictly correct; the proper concept is that of an acid-base balance.
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