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ABSTRACT 
We present evidence that spiral galaxies in the Virgo Cluster have systematically higher interstellar abun- 

dances than comparable field galaxies. This conclusion is based on spectra of H n regions in five Virgo spirals 
of type Sc. A possible explanation is that abundances in the field spirals are strongly affected by infall of 
metal-poor gas or by radial inflow of gas from the outer H i disk. These processes are inhibited in the cluster 
environment, and the Virgo spirals may have evolved more nearly in the manner of the closed box “simple 
model ” of chemical evolution. 
Subject headings: galaxies: abundances — galaxies: clustering — galaxies: evolution — 

galaxies : interstellar matter — nebulae : H n regions 

1. INTRODUCTION 

Studies of spiral galaxies have shown that radial gradients in 
O/H = V(0)/AT(H) occur across the disks of all spiral galaxies 
(Pagel & Edmunds 1981). Chemical abundance measurements 
of spiral galaxies made to date have mostly involved isolated 
galaxies or galaxies in small groups. Many of these studies 
have been aimed at looking for empirical relationships between 
morphological type, luminosity, and gas fraction (e.g., Garnett 
& Shields 1987, and references therein). Relatively little system- 
atic effort has been devoted to using abundance gradients to 
examine critically the success of alternative models of galactic 
evolution. In this paper we will focus on the question of 
environmental influences by conducting a survey of abun- 
dances in H ii regions in spirals in the Virgo Cluster of gal- 
axies. These are compared with abundances in comparable 
field galaxies with the aim of identifying systematic effects of 
the cluster environment. 

The importance of environmental effects on spiral galaxies in 
rich clusters is well established (e.g., Giovanelli & Haynes 
1985; Sarazin 1988; and references therein). Ram pressure 
stripping is apparently responsible for the truncation of the H i 
disks of spirals in the Virgo Cluster core (Warmels 1986), with 
resultant effects on star formation and spiral arm morphology 
in the outer disks (see photographs in Sandage 1961). Obvious 
environmental effects relevant to the chemical evolution of 
cluster spirals include the stripping of gas from the outer disk, 
possible ablation from the inner disk, and the stripping of a hot 
corona above the disk (cf. Savage 1987). Of particular interest 
to the comparison of cluster and field spirals is the possibility 
of continuing accretion of primordial gas onto the disks of field 
spirals (cf. Gunn 1983). The chemical implications of infall have 
been discussed theoretically (e.g., Tinsley & Larson 1978; 
Tinsley 1981), and they include a decrease in O/H at fixed gas 

1 Observations reported here were obtained, in part, with the Multiple 
Mirror Telescope, a facility operated jointly by the University of Arizona and 
the Smithsonian Institute 

mass fraction (ju = NH i/Mr), and a reduction in O/H for a 
given value of N/O (Serrano & Peimbert 1983). Since cluster 
spirals will be speeding through a hot intracluster medium, 
such infall seems unlikely. Recent studies also emphasize the 
importance of radial gas inflow from the outer H i disk (Lacey 
& Fall 1985; Clarke 1989), which will clearly be affected by the 
observed stripping of cluster spirals. 

In the next section we present new observations of H n 
regions in Virgo Cluster spiral galaxies. We then bring together 
data for both Virgo Cluster spirals and comparable field gal- 
axies, and, analyzing these data in § 3, we find evidence that the 
Virgo spirals are metal-rich relative to the field galaxies. In § 4 
we discuss this result in view of current models of the chemical 
evolution of galaxies. 

2. OBSERVATIONS 

In order to compare the abundances in Virgo spirals with 
field spirals, we have drawn primarily from observations in the 
literature, and we have added new observations. Edmunds & 
Pagel (1984) have shown that early-type spirals (Sc and earlier) 
have a larger dispersion in abundance than late-type spirals 
(Scd and later) when compared at a given effective radius or 
mass surface density (possibly reflecting the importance of the 
contribution of the bulge). We concluded that late-type spirals 
would provide the best sample for the initial comparison 
attempted here and put these galaxies at highest priority in our 
observing programs. However, given the difficulties encoun- 
tered in observing, we still lack sufficient observations of truly 
late-type spirals. Our sample of galaxies is listed in Table 1. 
This sample is not to be considered as definitive or final. As we 
discuss later, more observations of both field and Virgo Cluster 
galaxies are needed if firm conclusions are to be reached. 

For the field galaxy comparison sample, we have collected 
all field Sc galaxies (catalogued as Sc in the RSA and 
4 < T < 7 in the RC2) with published spectrophotometry of 
[O ii] and [O m] in at least six H n regions. We have excluded 
both barred and interacting systems. Since the average abun- 
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CHEMICAL ABUNDANCES IN VIRGO SPIRALS 83 

TABLE 1 
A. Comparison Field Galaxies 

Name Regions Type2 Th L (109 L0) i (°) log(DHi/^o)o 

NGC 300   6 Sc 7 3 45 0.09 
NGC 598 (M33)   11 Sc(s) 6 4 54 -0.16 
NGC 628 (M74)   7 Sc(s) 5 13 4 0.07 
NGC 1566   7 Sc(s) 4 8 30 
NGC 2403   6 Sc(s) 6 5 60 0.03 
NGC 2903   7 Sc(s) 4 20 60 -0.12 
NGC 2997   49 Sc(s) 5 14 38 
NGC 5457 (M101)   8 Sc(s) 6 17 18 -0.13 
NGC 6946   7 Sc(s) 6 21 30 0.05 

B. H i Deficient Virgo Cluster Spiral Galaxies 

Name RM87 (°) Type2 Tb L (109 L0) i(°) log(DHI/Do)0 

NGC 4254 (M99)   3.7 Sc(s) 5 20 28 -0.12 
NGC 4303 (M61)   8.2 Sc(s) 4 21 25 -0.33 
NGC 4321 (M100)   4.0 Sc(s) 4 23 30 -0.22 
NGC 4571   2.4 Sc(s) 7 5 28 -0.24 
NGC 4689   4.6 Sc(s) 4 6 30 -0.35 

2 Sandage & Tammann 1981 (RSA). 
b de Vaucouleurs, de Vaucouleurs, & Corwin 1976 (RC2). 

dance in a galaxy is a strong function of total galaxy luminosity 
(Garnett & Shields 1987), it is important to note that there is a 
good overlap for the two samples in galaxy luminosity. The 
Virgo sample is weighted more heavily toward earlier T types; 
possible effects of this will be discussed in § 3. 

In this paper we will follow the definitions and nomenclature 
of Warmels (1986). We take H i deficiency as an indicator that 
a galaxy is suffering environmental modification, and we follow 
Warmels in adopting the H i radius relative to optical radius, 
compared to the average for field galaxies of comparable type, 
as an indication of the degree of stripping. We introduce the 
following shorthand : 

(^h i/ £o)o 
i/ßo 

^Hl/^O^.F 
(1) 

to denote the normalized H i diameter. Warmels found an 
average of 1.79 ± 0.56 for DHl/D0 for the field galaxies for 
types Sc and later. 

For the Virgo Cluster, there are two Sc galaxies with 
published spectrophotometry, NGC 4254 and NGC 4321 
(McCall, Rybski, & Shields 1985). We present here new obser- 
vations of H ii regions in NGC 4254, NGC 4303, and NGC 
4321 obtained with the Multiple Mirror Telescope (MMT) in 
1990 April, and an MMT observation of a single H n region in 
NGC 4571 obtained in 1989 April. We also add a single H n 
region in NGC 4689, from an observation made with the 2.7 m 
telescope at the McDonald Observatory in 1989 March. 

For the MMT observations we used the 1024-element Blue 
Channel intensified Reticon detector. Typically we used a 
2" x 3" aperture yielding roughly 10 Â spectral resolution with 
a wavelength coverage of 3600-7200 A. Typical integration 
times were 10 minutes per H n region. The 1990 April observa- 
tions were made through clouds, so only relative line strengths 
are reported here. 

For the McDonald Observatory observations we used the 
large Cassegrain spectrograph (LCS). The LCS uses a Texas 
Instruments (800)2 pixel CCD as a detector, and was config- 
ured with a 2" wide long-slit resulting in a resolution of 6 Â 

(FWHM) and a wavelength coverage of 3650-5100 A. Because 
of poor weather, only a single 30 minute integration of one H n 
region in NGC 4689 was obtained. 

Standard stars from Filippenko & Greenstein (1984) and 
Oke (1974) were observed during the MMT and McDonald 
observing runs, respectively. The spectra were then calibrated 
for relative spectral response, using the standard star observa- 
tions. The Balmer lines were corrected for an assumed 2 Â EW 
underlying absorption, and then a reddening was determined 
from the relative Balmer line strengths assuming the values for 
an electron temperature of 10,000 K and an electron density of 
100 as listed in Brocklehurst (1971). All line strengths were then 
corrected for reddening using the galactic reddening law com- 
piled by Seaton (1979) as parameterized by Howard (1983). 
The resultant relative line strengths are listed in Table 2, where 
the H ii regions are identified by the numbers assigned by 
Hodge & Kennicutt (1983). 

Oxygen abundance values were derived by using the empiri- 
cal calibration of the strong line parameter R23 = ([O n] + 
[O m])/H/? = 7(23727 + 24959 + 25007)//(24861) (Edmunds 
& Pagel 1984). In the next section, where we have drawn values 
from the literature, we have used the published line strengths 
and treated all of the data in a uniform manner. 

3. COMPARING VIRGO AND FIELD SPIRAL ABUNDANCES 

In order to compare abundances of Virgo and field spiral 
galaxies, proper criteria must be chosen. McCall (1982) and 
Edmunds & Pagel (1984) have shown that oxygen abundances 
in extragalactic H n regions are closely correlated with nor- 
malized galactocentric radius and local mass surface density. 
In simple evolution schemes, the abundance in a galaxy can be 
related to the gas mass fraction (see § 4). For comparison of 
abundances as a function of these parameters, we have com- 
piled the individual properties of H n regions in field and Virgo 
Cluster spiral galaxies. For those galaxies which have been 
observed in both H i and CO, and for which the inclination is 
sufficiently large to yield a reliable rotation curve (>15°), the 
data for each of the individual H n regions are listed in Table 3. 
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CHEMICAL ABUNDANCES IN VIRGO SPIRALS 85 

TABLE 3 
Individual H ii Region Parameters 

A. The Field Galaxies 

Region 
Name 

(1) 

log 
(*23) 

(2) 

12 + log 
(O/H) 

(3) 
p!Pe 

(4) 
°D 
(5) (6) 

wh2 
(7) 

ln^ 
(8) 

Source 
(9) 

NGC 598 

CC 93   
+ 034-037 .. 
IC 142   
-185+163 .. 
MA 2   
NGC595 .... 
-499-054 .. 
NGC604 .... 
IC 131   
NGC588 .... 
-606-1708 

0.28 
0.44 
0.52 
0.60 
0.61 
0.62 
0.58 
0.70 
0.86 
0.89 
0.80 

9.20 
8.98 
8.87 
8.74 
8.73 
8.72 
8.77 
8.60 
8.36 
8.31 
8.45 

0.07 
0.11 
0.55 
0.56 
0.69 
0.97 
1.09 
1.39 
1.69 
2.22 
2.50 

501 
468 
224 
219 
178 
110 
89 
55 
33 
14 
9 

6.7 
6.5 
7.3 
7.6 
8.9 
7.8 
6.7 
9.4 
8.8 
7.9 
4.2 

7.7 
7.7 
1.5 
1.5 
1.5 
0.7 
0.7 
0.0 
0.0 
0.0 
0.0 

-3.3 
-3.2 
-3.0 
-2.9 
-2.6 
-2.3 
-2.3 
-1.6 
-1.3 
-0.8 
-0.9 

1, 2,3 
1, 3 
1, 2, 3 
1, 3 
1, 2, 3 
1, 2, 3 
1, 3 
1, 2,3 
1, 2, 3 
1, 2,3 
1, 2,3 

NGC 2403 

+ 010 + 032 . 
-045 + 055 . 
+ 063-049 . 
+ 045 + 069 . 
-096 + 035 . 
-186 + 045 , 
-133-146 , 
+ 165 + 136 . 
-494+137 . 

0.63 
0.58 
0.48 
0.71 
0.79 
0.69 
0.85 
0.92 
0.86 

8.70 
8.78 
8.92 
8.58 
8.46 
8.61 
8.37 
8.26 
8.36 

0.39 
0.45 
0.49 
1.00 
1.06 
1.48 
2.36 
2.55 
3.66 

371 
339 
316 
135 
123 
60 
14 
10 

1.5 

7.2 
7.2 
7.3 
8.4 
8.4 
8.1 
5.8 
5.5 
3.7 

3.8 
3.5 
3.1 
1.9 
1.5 
0.0 
0.0 
0.0 
0.0 

-3.2 
-3.2 
-3.1 
-2.3 
-2.3 
-1.8 
-1.0 
-0.5 
-0.3 

1, 3 
1, 3,4 
1, 3 
1, 3 
1, 3,4 
1, 3,4 
1, 3 
1, 3 
1, 3 

NGC 2903 

+ 024 + 047 . 
-003-070 . 
-003 + 069 . 
-021 + 105 . 
+ 039-078 . 
+ 047-072 . 
+ 174+197 . 

-0.36 
0.13 

-0.14 
0.53 
0.52 
0.25 
0.78 

9.46 
9.28 
9.39 
8.85 
8.87 
9.22 
8.48 

0.64 
1.41 
1.55 
2.84 
2.85 
2.99 
3.91 

851 
234 
186 
21 
21 
17 
4 

6.0 
6.0 
5.6 
2.6 
2.6 
2.5 
2.9 

40 
25 
22 

0.0 
0.0 
0.0 
0.0 

-2.7 
-1.9 
-1.8 
-1.9 
-1.9 
-1.8 
-0.6 

1, 5 
1, 5 
1, 5 
1, 5 
1, 5 
1, 5 
1, 5 

NGC 5457 

+ 223-127 , 
+ 252-107 , 
+ 098 + 272 
-243 + 163 
-376-063 
+ 666+172 

0.86 
0.84 
0.67 
0.70 
0.66 
1.08 

8.62 
8.39 
8.65 
8.59 
8.66 
8.03 

1.37 
1.45 
1.47 
1.56 
1.98 
3.55 

214 
186 
182 
154 
78 

5.5 

7.7 
7.8 
7.8 
7.6 
6.5 
5.5 

4.6 
4.4 
4.2 
3.8 
3.1 
0.0 

-2.6 
-2.5 
-2.5 
-2.4 
-1.9 
-0.5 

1,6 
1, 6 
1, 6 
1, 6 
1,6 
1,6 

NGC 6946 

-008 + 066 . 
-034-080 . 
+ 144 - 003 . 
+ 182+103 . 
-128 + 146 . 
-245 + 055 . 
-099-261 . 

0.24 
0.22 
0.31 
0.74 
0.52 
0.48 
0.62 

9.22 
9.23 
9.18 
8.54 
8.78 
8.92 
8.71 

0.35 
0.43 
0.69 
0.96 
1.03 
1.23 
1.38 

708 
631 
407 
257 
229 
162 
126 

8.1 
8.6 
9.4 
8.7 
8.5 
7.1 
6.4 

54.0 
41.5 
19.2 
10.8 
7.7 
7.4 
6.2 

-2.2 
-2.3 
-2.4 
-2.3 
-2.4 
-2.2 
-2.1 

1, 7 
1, 7 

The entries in Table 3 are as follows. The first column iden- 
tifies the region following the nomenclature of McCall et al. 
(1985). The second column lists values of R23> which is con- 
verted to an oxygen abundance in column (3) following the 
calibration of Edmunds & Pagel (1984). Columns (4) and (5) 
give the galactocentric radius normalized to the effective radius 
(p¡p¿) and disk surface mass density (crD) as calculated by 
McCall (1982). We had to derive appropriate values iox pE and 
aD for the three Virgo galaxies which are not listed in the 
compilation from McCall. For this we assumed a Virgo 

Cluster distance (12 Mpc) consistent with that of McCall 
(1982). For NGC 4571 we used the surface photometry and 
rotation curve from van der Hulst et al. (1987). For NGC 4303, 
we used the optical parameters from the RC2 and the rotation 
curve from Guhathakurta et al. (1988). For NGC 4689, we used 
a value of pE = 0.4 D0 = 0Í82, and the rotation curve data from 
Guhathakurta et al. (1988). 

Column (6) gives the average H i mass surface density at the 
appropriate radius for the H n region. Column (7) gives the 
estimated average H2 mass surface density which has been 
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TABLE 3—Continued 
B. The Virgo Cluster Galaxies 

Region log 12 + log 
Name (^23) (O/H) plpE oD crHI oH2 In// Source 

(1) (2) (3) (4) (5) (6) (7) (8) (9) 
NGC 4254 

+ 013 + 006   -0.33 9.45 0.22 1047 7.8 57.0 -2.5 1,8,9 
-005 + 042   0.09 9.30 0.74 437 7.5 25.2 -2.4 1,8,9 
+ 055-042   0.30 9.19 1.22 195 7.5 14.2 -2.0 1,8,9 
+ 080-016   0.39 9.06 1.36 154 7.9 13.7 -1.8 1,8,9,10 
-047-075   0.30 9.19 1.43 138 7.9 11.5 -1.8 1,8,9 
+ 093 + 039   0.49 8.91 1.59 105 8.5 11.0 -1.6 1,8,9 
+ 102 + 015   0.52 8.87 1.65 96 8.8 9.9 -1.5 1,8,9 
+ 106 + 019   0.48 8.92 1.72 84 8.2 8.2 -1.5 1,8,9,10 
-117-002   0.34 9.13 1.90 62 7.8 7.1 -1.4 1,8,9,10 

NGC 4303 

+ 021-007   0.00 9.34 0.36 584 4.5 50 -2.2 8,9,10,11 
-001+045   0.01 9.34 0.67 347 6.1 31 -2.0 8,9,10,11 
-013-044   0.09 9.30 0.68 341 6.1 31 -2.0 8,9,10,11 
+ 046 + 006   -0.03 9.35 0.76 299 6.6 27 -2.0 8,9,10,11 
-014 + 048   0.10 9.29 0.76 299 6.6 27 -2.0 8,9,10,11 
+ 032-040   0.39 9.06 0.80 279 6.7 25 -2.0 8,9,10,11 
+ 022 + 067   0.04 9.32 1.05 183 7.3 18 -1.8 8,9,10,11 
+ 005-073   0.23 9.22 1.09 172 7.3 17 -1.8 8,9,10,11 
-049-094   0.68 8.63 1.59 74 7.1 8.4 -1.5 8,9,10,11 
-110 + 075   0.76 8.50 2.14 29 5.7 4.5 -1.1 8,9,10,11 

NGC 4321 

+ 008-004   -0.06 9.36 0.10 776 4.2 65.6 -2.2 1,8,9 
-051+009   -0.08 9.37 0.60 331 4.3 22.4 -2.3 1,8,9 
-001-066   0.10 9.29 0.69 286 4.2 17.1 -2.4 1,8,9,10 
+ 032-074   -0.11 9.38 0.81 234 4.2 13.3 -2.4 1,8,9 
+ 013 + 102   0.14 9.27 1.09 146 4.8 8.0 -2.2 1,8,9,10 
-114 + 010   0.21 9.23 1.35 93 5.5 5.3 -2.0 1,8,9 
-032+147   0.54 8.84 1.53 70 5.6 3.7 -1.9 1,8,9,10 
-131-027   0.40 9.05 1.54 69 5.6 3.7 -1.9 1,8,9,10 
+ 029+146   0.35 9.11 1.59 63 5.0 3.2 -1.9 1,8,9,10 
+ 034+145   0.27 9.20 1.64 58 4.3 2.7 -1.9 1,8,9 

NGC 4571 

-010 + 050   -0.05 9.36 1.53 107 3.0 3.0 -2.5 8,9,10,12 

NGC 4889 

-031-013   0.31 9.19 0.77 447 2.0 11.7 -3.2 8,9,10,11 

References.—(1) McCall 1982; (2) Vilchez et al. 1988; (3) Young 1987; (4) Fierro, Torres-Peimbert, & 
Peimbert 1986; (5) Jackson et al. 1989; (6) Solomon et al. 1983; (7) Tacconi & Young 1986; (8) Warmels 1986; 
(9) Kenney & Young 1988; (10) this paper; (11) Guhathakurta et al. 1988; (12) van der Hulst et al. 1987. 

calculated from CO measurements using the conversion of 
Young & Scoville (1982); iV(H2)//co = 4 x 1020 cm"2 (K km 
s-1)-1. Column (8) shows the average local gas mass fraction 
(//) which is simply the sum of columns (6) and (7), multiplied 
by 1.4 to correct for helium, and then divided by column (5). 
Column (9) lists the sources for the data. 

Four galaxies from the field sample have not been included 
in Table 3. For NGC 300, which lacks CO observations, we 
have taken H 11 region spectroscopy from Pagel et al. (1979) 
and Edmunds & Pagel (1984), and other galaxy properties 
from McCall (1982). For NGC 628, which has a very small 
inclination resulting in a very uncertain corrected rotation 
curve, we have taken all data from McCall (1982). NGC 1566 
and NGC 2997 lack both CO and H 1 data. We have used the 
H ii region spectroscopy of Hawley & Phillips (1980) for NGC 
1566 and of Walsh & Roy (1989) for NGC 2997; other galaxy 
properties are taken from McCall (1982). 

An important feature to note is the dominance of an2 in 

some cases in the gas surface density. Unfortunately, the con- 
version from CO to H2 is uncertain and controversial (Israel 
1988; Maloney & Black 1988). Nonetheless, using the most 
commonly used conversion factor shows the potential impor- 
tance of including the H2 in calculating the total gas surface 
density. By using the metallicity independent conversion of 
Young & Scoville, we may be overestimating the H2 content in 
the inner parts of the galaxies and underestimating the H2 
content in the outer parts. However, since the molecular gas 
content of Virgo and field spiral galaxies appear to be quite 
similar (Stark et al. 1986; Kenney & Young 1989), uncertainty 
in the H2/CO conversion should not have a strong effect on the 
comparison between Virgo and field spirals. 

Two other uncertainties should be noted. Walsh & Roy 
(1989) observed large variations in R23 at a given radius in 
NGC 2997. If this is generally true in spiral galaxies, then 
characterizing the abundance gradient in a galaxy based on 
fewer than 10 H 11 regions is dangerous. Furthermore, we have 
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oo 
; used azimuthally averaged gas surface densities, which may 

^ differ from the values at the location of a particular H n region. 
3 All of these spirals show large variations in gas surface density 
S at a given radius. 

The data from Table 3 are plotted in Figure 1. Oxygen 
abundance is plotted versus plpE, <jd, and p. These plots resem- 
ble Figures 1-3 of Edmunds & Pagel (1984). In each plot, the 
Virgo spirals form a well-defined locus. The field galaxies show 
a considerably larger dispersion in O/H, with an average 
oxygen abundance lower by roughly a factor of 2. 

This perceived offset in abundance between the Virgo gal- 
axies and the field galaxies is the main result of the compari- 
son. We will refer to this relative overabundance in the Virgo 
spirals as the abundance differential, AZV. Perhaps most sur- 
prising is the difference as a function of p; the Virgo galaxies 

87 

overlap the same range in p with the field galaxies, but have 
higher O/H. 

It is possible that the observed abundance differential is a 
spurious effect of our sample selection. Zaritsky, Elston, & Hill 
(1990) have proposed that all late-type spiral galaxies can be 
divided into two distinct groups: i.e., high-excitation (low- 
abundance) galaxies and low-excitation (high-abundance) gal- 
axies. The separation into distinct groups in the data of 
Zaritsky et al. is blurred when abundances are plotted versus 
gas fraction, but a range in excitation remains. If we have 
observed only low-excitation galaxies in Virgo and, by chance, 
have assembled a field sample dominated by high-excitation 
galaxies, then the observed abundance differential may be arti- 
ficial. Discovery of an H i stripped, high-excitation Sc galaxy 
in the Virgo Cluster would weaken the case for AZV. 
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Fig. 1.—A comparison of the oxygen abundances for field and Virgo Cluster Sc galaxies. Top: oxygen abundances plotted vs. the galactocentric radius 

normalized by the effective radius of the disk. Middle: oxygen abundances plotted vs. the surface mass density of the disk. Bottom: oxygen abundances plotted vs. the 
radially averaged gas mass fraction. Filled symbols represent Virgo galaxies; open symbols represent field galaxies with H i and CO observations and reliable 
rotation curves; skeletal symbols represent other field galaxies. The galaxies are ranked in total luminosity by the number of vertices in the symbols. For NGC 2997, 
seven points are used to represent the mean relationship for the 49 observed H n regions. 
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£ If mean abundance is a function of morphological type, then 

! the difference in distribution in RC2 T types could produce the 
^ abundance differential. Such a trend is suggested since a field 
< galaxy with the earliest T type (NGC 2903, T = 4) shows uni- 

formally high values of O/H. On the other hand, the latest 
^ T-type Virgo spiral (NGC 4571, T = 1) shows a high abun- 

dance (although here we have only one measured H n region). 
Also, Garnett & Shields (1987) found abundances in the Sab 
(T = 2) spiral galaxy M81 to resemble those in later type 
spirals, contradicting any rigid correlation of O/H with mor- 
phological type. 

The derived magnitude of AZV could be affected by errors in 
the slope of the calibration of R23 in terms of O/H, which relies 
on photoionization models in the high-abundance regime. In 
particular, the relationship between R23 and abundance, while 
reasonably insensitive to stellar temperatures, is strongly sensi- 
tive to electron density at solar and higher abundances (B. E. J. 
Pagel, private communication). However, the qualitative differ- 
ence in O/H between the Virgo and field galaxies follows 
directly from the observed [O n] and [O in] line intensities. 

Could the empirical relation between O/H and R23, devel- 
oped for field galaxies, fail in Virgo? McCall et al. (1985) and 
others have noted that the giant extragalactic H n regions form 
a one-parameter sequence in which line intensities, nebular 
ionization parameter, ionizing star temperatures, and O/H 
vary together. Figure 2 shows that the Virgo and field H n 
regions conform to a single trend of [O n] versus [O m]. 
Observations of [O i], [Ne m], and [S m] could help to 
resolve this question. Of course, direct measurements of elec- 
tron temperatures would be best. Warmels (1986), Stark et al. 
(1986), and Kenney & Young (1989) find normal H i and CO 
emission from the Virgo galaxies inside the H i stripping 
radius. Furthermore, Kennicutt (1983) finds a normal ratio of 
Ha to H i emission, indicating a normal rate of ionizing star 
formation per unit gas mass. All of these facts together support 
the use of the normal calibration for Virgo H n regions. 

4. CHEMICAL ABUNDANCE EVOLUTION MODELS 

We have found that, although the Virgo spirals have normal 
gas contents inside the truncation radius, they have abnor- 
mally high interstellar abundances. Thus environmental effects 
are not restricted to the stripping of the outer disk. 

The familiar “ simple ” model of chemical evolution (Schmidt 
1963; Talbot & Arnett 1971) consists of a closed box with 
instantaneous recycling. The interstellar abundance of a 
primary element, such as O, is 

Z = yin//-1 (2) 

where // is the gas mass fraction, and y is the yield (mass of 
element produced per unit mass of gas permanently 
consumed). One explanation of AZV might be that the Virgo 
galaxies have undergone more complete conversion of stars to 
gas. Figure 1 shows, however, that the Virgo and field galaxies 
have similar gas fractions and do not obey the same Z-lnju 
relation. Another explanation would be a higher yield of 
oxygen in Virgo. However, the agreement of Virgo and field 
spirals in Figure 2 suggests that the normal relationship 
between ionizing star temperature and abundance applies, so 
that a systematic difference in the proportion of oxygen- 
producing massive stars seems unlikely. Ionizing photons and 
oxygen are produced by stars in the same mass range (Woosley 
& Weaver 1986). 

The failure of the simple model to explain the metallicity 
distribution of stars in the solar neighborhood has led to 
various modifications (see the review by Tinsley 1980). One 
possibility is prolonged infall of metal-poor gas onto the disk. 
For a constant gas mass (star formation equals infall), Z rises 
from zero, and asymptotically approaches the yield, y, as the 
gas fraction approaches zero (Larson 1972). Gunn (1981) 
argues that prolonged infall onto field galaxies is likely to 
occur in dark-matter cosmologies. However, in Virgo the gal- 
axies are moving at high speeds through hot gas, as evidenced 

log((X4959 + >.5007)/U861) 

Fig. 2.—A comparison of the [O n] and [O m] line strengths. The same symbols are used as in Fig. 1. 
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• by X-ray emission surrounding M87 (Fabricant & Gorenstein 
a 1983) and ram pressure stripping (Warmels 1986). Thus, infall 
^ onto spirals in the core of the Virgo Cluster seems unlikely. If 
2 the field galaxies have experienced prolonged infall not shared 

by the Virgo spirals, the latter should more closely approx- 
imate the simple model. We might then expect abundances in 
the field galaxies to be of order Z æ y, and in the Virgo galaxies 
Z ä yin//-1. The Virgo galaxies, with ln//-1 ä 1.5-3, should 
have values of Z roughly twice as large as the field galaxies. 
This is in rough accord with the observed ÀZK. 

Pagel (1989) employs the analytic infall model of Clayton 
(1985) to achieve a good fit to the metallicity distribution of 
stars in the solar neighborhood. He uses a star-formation time 
scale of 3.1 billion yr and an infall time scale of 6.2 billion yr, 
with Clayton’s parameter k = 4, an initial metallicity Z0 = 
0.02 of the solar value (Z0), and a yield for oxygen of 0.8 Z0. 
We show in Figure 3 the Z-// relation for this model and for 
the simple model with the same yield. 

The infall model gives substantially lower Z at a given //, but 
the difference is less than the observed AZF. The Virgo galaxies 
have higher abundances than can be explained by the simple 
model with Pagel’s yield, whereas the field spirals actually have 
lower abundances than predicted by the infall model. We con- 
clude that curtailment of infall makes a substantial contribu- 
tion to the Virgo abundance differential, if infall indeed occurs 
in field galaxies. However, infall may have difficulty accounting 
for the entire effect. 

Radial flows in gas disks can be effective in establishing 
radial abundance gradients (Lacey & Fall 1985; Clarke 1989). 
Clarke investigates models in which viscous transport of 
angular momentum causes radial flows on a time scale compa- 
rable with star formation (Lin & Pringle 1987). This initially 
causes radial outflow that establishes an exponential stellar 
surface density profile and forms an outer hydrogen disk. 
Later, inflow from the outer disk occurs, similar to that postu- 
lated by Lacey & Fall. If there is an outer star formation cutoff 
radius (van der Kruit & Searle 1982), then metal-poor gas 

89 

becomes progressively enriched as it moves inward from this 
radius. A strong abundance gradient is thus established. If this 
picture applies to field galaxies, then the observed truncation 
of the gas disk in Virgo spirals will have important effects. In 
the Virgo spirals, the gas is now stripped well inside the outer 
radius of the stellar disk; and there is no outer reservoir of 
virgin gas whose transport inward would serve to hold down 
the abundance in the inner disk and maintain a strong gra- 
dient. After stripping has occurred, we would expect the Virgo 
galaxies to evolve more nearly like the simple model, reaching 
higher values of O/H; in particular, the outer parts of the 
surviving gas disk should rise well above the low O/H values 
observed in the outskirts of field spirals. This qualitatively 
agrees with Figure 1, in which the outermost observed H n 
regions in Virgo have high abundances. 

One potential discriminant between infall and inflow may be 
the N/O ratio. Observed N/O ratios vary roughly as O/H for 
[O/H] > —0.6, but are constant for lower O/H, albeit with 
substantial scatter (Pagel 1985; Garnett 1990). A reasonable 
interpretation is that nitrogen production involves both 
primary and secondary contributions, the secondary one 
dominating above [O/H] ä —0.6 (e.g., Pagel 1985; Matteucci 
1986). For infall, dilution tends to lower O/H at a given N/O 
(Serrano & Peimbert 1983); and this might cause field spirals 
to have higher N/O than cluster spirals, at a given O/H. 

Since very few of the H n regions in the Virgo spirals have 
measured electron temperatures, comparing values of N/O 
(derived from the N+/0+ ratio) is not straightforward. Instead, 
in Figure 4 we have compared values of the [N n]/[0 n] ratio, 
/(16584)//(23727), as a function of O/H. The electron tem- 
perature is known to vary as a function of O/H, and so the 
[N n]/[0 ii] ratio, which is temperature-dependent, will also 
vary, even at constant N/O. For this reason we have included a 
line for constant N/O (assuming the solar value; Anders & 
Grevesse 1989) assuming that Te and O/H are related as 

log (Te) = -0.35 log (O/H) + 2.74 (3) 

CHEMICAL ABUNDANCES IN VIRGO SPIRALS 

Fig. 3.—The same data from the lower panel of Fig. 1 are replotted, except that the y-axis is not logarithmic. In this diagram a constant yield corresponds to a 
straight line with an intercept at (0,0). Representative lines are shown for the assumption of simple closed box evolution and Pagel’s (1989) model of the evolution of 
the Galaxy. 
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Fig. 4.—A plot of the [N n]/[0 n] ratio as a function of O/H for both Virgo and field spirals. The same symbols are used as in Fig. 1. The solid line is the 
predicted ratio for constant N+/0+ = the solar value with the assumption N+/0+ = N/O = 0.13 (Anders & Grevesse 1989). 

(Terlevich 1985). No significant offset in N/O is seen between 
the Virgo and field spirals, but there is little overlap in O/H. 
More observations of lower abundance H n regions in Virgo 
spirals and higher abundance H n regions in field spirals are 
needed, together with model predictions of N/O for the alter- 
nate explanations of AZV. 

5. DISCUSSION 

We have offered evidence that spiral galaxies in the Virgo 
Cluster have systematically higher interstellar abundances 
than comparable field galaxies. Curtailment of infall in the 
cluster environment and stripping of the outer gas disk may 
both play a role in causing this difference. Unfortunately, the 
observations and models both are inadequate to clarify the 
precise factors involved. Observations of more H n regions in 
more Virgo spirals are needed, including measurements of 
additional lines and, ideally, electron temperatures. If stripping 
of the outer disk is important, then observations of abundance 

gradients should be made for galaxies with strongly different 
H i envelopes in all environments. Of particular interest would 
be any galaxies in the periphery of the Virgo Cluster showing 
no stripping, but moving at velocities too high for accretion of 
intergalactic gas. Also interesting would be a comparative 
study of galaxies suspected of having larger or smaller infall 
rates, on the basis of criteria such as star formation rate larger 
than the gas return rate from existing stars. 

We wish to thank C. Clarke, R. Dufour, D. Garnett, and B. 
Pagel, and C. Struck-Marcell for helpful discussions. Many of 
the data used in this paper were taken from the Ph.D. disser- 
tations of M. L. McCall, R. H. Warmels, and J. D. Kenney, 
whose efforts we respectfully acknowledge. D. Garnett and R. 
Pogge both assisted us in preparation for the observing. This 
study was supported in part by Robert A. Welch Foundation 
grant F-910 to the University of Texas at Austin, and by NSF 
grant No. AST89-96123 to the University of Arizona. 
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